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Abstract

This thesis is an experimental study of spin dependent transport in nanoscale ferro-
magnetic tunnel junction arrays and lateral multi-terminal devices with normal metal and
superconducting spin transport channels.

Two-, three-, and five-junction arrays have been fabricated in the form of lateral cir-
cuits and characterized using variable temperature magneto-transport measurements. The
smallest inter-junction separation achieved was 65 nm. No significant enhancement in the
sequential magneto-resistance (MR) was observed, which is attributed to the combined ef-
fect of short spin diffusion length in the ferromagnetic electrodes and high resistance of the
tunnel barriers used. A substantially weaker bias dependence of the MR is observed for
double junctions than for single junctions, consistent with the theoretical expectations.

Spin diffusion and relaxation in one-dimensional normal metal channels is studied us-
ing a novel multi-terminal device. The device has multiple ferromagnetic detector elec-
trodes for an in-situ determination of the spin transport parameters. Such configuration has
a great advantage as it eliminates sample-to-sample uncertainties in the physical properties
studied. A three terminal device having a pair of detector electrodes placed symmetrically
about the injection point is used to directly demonstrate decoupling of spin and charge cur-
rent in nanostructures. Furthermore, by varying the thickness of the normal metal channel
on the scale of the mean free path the surface contribution to spin relaxation is measured
and compared to the bulk spin scattering rate. It is found that for Al surface scattering
makes a weak contribution to the overall spin relaxation rate, the result that should be im-
portant for a number of proposed thin film spin-based devices.

The interplay between non-equilibrium magnetism and superconductivity is studied
in a ferromagnetic/superconductor single electron transistor. Spin imbalance in the base
is controlled by the bias voltage applied to the magnetic emitter/collector as well as the
relative orientation of their magnetic moments. A strong magneto-transport effect is ob-
served and attributed to a suppression of the superconducting gap in the center electrode
by the spin imbalance in the antiparallel state of the device. The intrinsic spin relaxation
parameters for the center electrode, important for interpreting the data are studied in a sep-
arate experiment using spin injection into a one-dimensional superconducting channel. It
is found that the spin accumulation increases substantially on transition into the supercon-
ducting state while the spin diffusion length is reduced. These results represent a new way
of combining magnetism and superconductivity on the nano-scale.
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Chapter 1

Introduction

The classical device employing a spin polarized current is the spin-valve, where
two ferromagnets are separated by a thin metal spacer [1]. The device operation
is analogous to that of a light polarizer/analyzer pair. The difference is that the
key property of the carrier in the spin-valve is the electron spin rather than the
direction of the electric field vector as it is in the case of light. The relative mag-
netization orientation of the two ferromagnetic electrodes strongly modulates the
charge flow through the device. Using his property of the spin-valve, external
magnetic fields acting on the magnetic moments of the electrodes can be sensed
electically. Spin-valves with insulating spacer layers, designed to have two stable
parallel and anti-parallel states, can also serve as non-volatile solid-state memory
elements [2]. These two applications, as read sensors in magnetic recording and
memory cells in magnetic random access memory, are two recent examples of a
record fast transformation of a basic physics discovery [3–5] in to large scale appli-
cations. This makes spin based nanodevices not only of fundamental interest but
also of great technological significance [6, 7].

The research quest continues for improved spin-valves and spin tunnel junc-
tions [8, 9] as well as devices with new functionality, such as spin transistors [10–
12]. To this end much remains to be understood about spin transport in metal-
lic, semiconducting, and even superconducting circuits. Non-equilibrium spin ef-
fects are predicted to yield a range of new devices. A successful realization of
these depends on our ability to efficiently create and control spin currents on the
nanoscale as well as understand the mechanisms of spin transport and relaxation
in the materials and layouts chosen. The present work studies several aspects of
spin transport in lateral nano-devices based on magnetic tunnel junctions. It can
be subdivided into three main parts.

The ground work was to develop processes for fabrication of lateral magnetic
junction and multi-junction devices. Aluminum oxide has been chosen as the tun-
nel barrier material and Co as the ferromagnetic electrode material. Magnetore-
sistance and multiple stable magnetic states have been achieved in such junction
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2 CHAPTER 1. INTRODUCTION

arrays. The micromagnetics of the devices has been analyzed and the device lay-
out has been tuned to achieve a well defined, single-domain like behavior, allow-
ing an unambiguous analysis of the spin transport properties. This is discussed in
Chapter 3.

Chapter 4 discusses the use of the developed multiterminal devices for study-
ing spin transport in mesoscopic normal metal channels. A direct demonstration
of decoupling of spin and charge currents in nanostructures is presented. This
result is achieved by using a device with a symmetric spin detection about the in-
jection point into a nanowire. The mechanisms of spin relaxation are analyzed by
studying the temperature and transport channel thickness dependence of the spin
diffusion length. The contributions due to phonons, bulk impurity scattering, and
that of the surface are analyzed.

Chapter 5 describes studies of spin transport in nano-devices incorporating
superconductors. The spin diffusion length is measured in-situ in a mesoscopic
superconducting channel and compared to that in the normal state. An interpre-
tation of the observed behavior is suggested based on a combination of spin-orbit
and magnetic impurity scattering. A single electron transistor with ferromagnetic
outer electrodes and a superconducting center island is fabricated. A large magne-
toresistance effect is observed at low temperature on switching from the parallel
to antiparallel state of the device. This result is discussed in terms of the super-
conducting gap suppression on the island by spin accumulation in the antiparallel
state.

The thesis concludes with a summary of the main research results obtained in
this work (Chapter 6), and a list of publications appended together with details on
my contribution to each of these publications (Chapter 7).



Chapter 2

Sample fabrication and measurement
techniques

This chapter describes the processes used in fabticating the samples as well as the
methods used to measure their electrical properties.

2.1 E-beam lithography

All structures were fabricated on silicon wafers with a preoxidized surface (1 µm of
SiO2). The fabrication sequence for the magnetic tunnel junction (MTJ) arrays were
as follows. First, after spinning a 400 nm layer of a lift off resist, NANO XP LOR 5B
from Micro Chemical Corp., the wafer was baked at 190◦ C for 10 min. Second a 65
nm layer of ZEP 520 resist (Nippon ZEON Ltd.) diluted 1:2 in Anisole was spun
and baked at 190◦ C for 10 min. The LOR resist is not sensitive to e-beam exposure
and can be dissolved in the developer MF322 (from Shipley). The ZEP 520 resist
is sensitive to e-beam exposure. In the exposed areas of the top resist the long
copolymer molecules are broken into shorter molecules. The shorter molecules
are dissolved by solvent p-Xylene while the longer unexposed molecules form the
mask. The developers for the two resist layers are very selective, which means that
developing bottom resist leaves the top resist unchanged. Such process allows the
possibility to create a mask of ZEP 520 with free standing bridges, supported at
both ends by the remaining LOR.

Instead of the LOR resist we also used the PMGI SF7 resist. This resist is sen-
sitive to e-beam exposure, and infact, has a higher sensitivity than the ZEP 520
resist. This higher sensitivity makes it possible to create undercuts. PMGI SF7 is
also developed in MF 322. Wafers with PMGI SF 7 bottom resist were used for
fabricating multi turminal lateral devices, due to a better control of the undercut
development in the bottom resist layer.

An e-beam lithography system, Raith Tk150 lithograph, was used to expose
small chips with double layer resist coatings (fig. 2.1a). The beam voltage used
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4 CHAPTER 2. SAMPLE FABRICATION AND MEASUREMENT TECHNIQUES

was 30 kV. The chips were exposed in two steps. The first pattern containing the
smallest structures was exposed with smallest aperture size of 7.5 µm (∼20 pA
beam current). The step size used was 6 nm which is approximately the resolution
of the developed mask. The second pattern contains the leads to the small struc-
tures and the wire bonding pads. The leads and pads do not need to be as well
defined as the small structures, so the largest aperture size of 120 µm is used. For
this aperture the beam current increases dramatically (∼ 5 nA) and a large step
size of 200 nm can be used, which reduces the exposure time.

After the exposure the chips were put in p-Xylene for 70 s. p-Xylene dissolves
the exposed areas of the ZEP 520 layer as described above and illustrated in fig.
2.1b. The chips are then dried with nitrogen and put in diluted MF322 solvent
(1:1, MF322:H2O) for 1 min, which doesn’t react with the ZEP layer and only re-
moves the bottom resist layer in the exposed areas. The amount of undercut in
the bottom layer is regulated by the development time. Figure 2.1c shows the be-
ginning of the LOR/PMGI development stage and figure 2.1d shows its end. Free
standing bridges can be formed by bringing the exposed areas into close proxim-
ity (' 150 nm). Finally the chip is rinsed in de-ionized water (18 MΩm) and dried
in nitrogen. The next stage is to transform the resist pattern into a nano-device.

2.2 Two angle deposition

Tunnel junctions are formed by a two angle evaporation, making use of the shadow
of the suspended bridge [13]. The pattern defined in the top resist is free-standing
400 nm above the substrate. This pattern is projected on to the substrate by a line of
sight depostion, where the placement of the projection is dependent of the angle
of incidence. Changing the incidence angle between two successive depositions
can be used to form overlapping projections.

By depositing a metal layer, oxidizing it, and then depositing a second over-
lapping metal layer, a tunnel junction with necessary leads can be formed in one
pump down. This is advantageous as it produces multiple tunnel barriers with
identical properties. During this two-angle deposition step, the chips were fixed
on a x − y − z − θ manipulator inside a deposition system, with a typical base
pressure of 5 · 10−9 Torr. The manipulator has one axis of rotation, with resolution
of . 1◦, which translates approximately into 10 nm presicion in the overlap.

Co/Al-O/Co tunnel junctions

Prior to depositing magnetic tunnel junctions, two Al layers of thickness 15 Å were
evaporated and oxidized in sequence. The evaporation rate was∼ 0.3 Å/s, the ox-
idation pressure and time were 0.2 Torr and 10− 15 min, respectively.

Such 3-4 nm thick Al-O layer was used to strengthen the free standing bridges
and thereby prevent a mask deformation during evaporation of Co. 50 Å of Co
was then deposited at a rate of 1.2 Å/s to form the bottom electrode. Thicker Co
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Figure 2.1: Illustrations of the fabrication sequence. a) E-beam exposure of a dou-
ble layer resist. b) Development of the top resist. c) Sample prior to bottom layer
development. d) After the bottom layer development. e) Deposition of the first
metal layer at an angle to surface normal. f) Deposition of the second metal layer
at a different angle to the surface normal. g) Bonding of the overlapping metal
pattern after lift-off.
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layer resulted in mask deformation to an unacceptable level. To form the tunnel
barrier ontop of the Co layer, Al was deposited at a slightly different angle, so as
to shift the projection of the pattern, and cover the Co edges. Four layers of Al
were deposited in sequence at the rate of 0.3Å/s, each of thickness 5− 7.5 Å. Each
of these four Al layers was oxidized using the above oxidation parameters.

The final step in forming a tunnel junction was to deposit a 100 Å thick Co
electrode at such an angle as to overlap the bottom Co/Al-O electrode.

Al/Al-O/Co tunnel junctions

A 10-20 Å thick Al layer was deposited at normal incidenceI. The Al was then
oxidized for 8 min. The angle was shifted and a Co layer with a total thickness
of 50 to 100 nm was deposited such as to overlap the Al pattern. The Co was
deposited in 4 steps in order to not heat the mask.

After the shadow evaporation the chips were put in a solvent (Microposit Re-
mover 1165, Shipley) heated to 55 ◦C for lifting off the resist, leaving only the
metallic nanocircuits including the leads and pads.

The chips were then glued on to a 16-way dual-in-line chip carrier. We used
surface-mount to dual-in-line (SOIC-DIL) conversion boards for mounting the chips
into measurement setups. The pads on the Si chips and those of the chip carriers
were interbonded with 25 µm Al wire using a Kulicke & Sofa wedge-wedge bon-
der.

Table: Fabrication parameters of Al/Al-O/Co tunnel junctions.

Step material thickness angle pressure time

(Å) (deg) (Torr) (min)
deposition 1 Al 150 0◦ 3 · 10−8

oxiation 1 O2 8 · 10−2 8
deposition 2 Co 1000 +40◦ 3 · 10−8
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Figure 2.2: A single junction to the right and a double junction to the left show the
orientation of the structures relative to the applied field, H .

2.3 Electrical measurements

The samples were mounted in dual-in-line 16-way socket placed in a 4 kOe elec-
tromagnet.

The electromagnet was driven by a Yokogawa voltage source together with a
bipolar amplifier, BOP400. The structures were aligned such that the ferromag-
netic electrodes were parallel to the external magnetic field, as shown in fig. 2.2.

The low temperature measurements were conducted in an Oxford Instrument
HelioxVL sorbtion pumped 3He cryostat with a temperature range from 0.26 K
to 100 K. In the cryostat the applied field H was generated by a superconduct-
ing solenoid wound onto the vacuum jacket. The inner diameter of the magnet
was 39 mm and the length was 80 mm, with 12 layers of niobium wire having
a maximum current of 50 A in 2 T. The DIL socket was placed in the center of
the superconducting solenoid and wired to the top of the cryostat with thermally
anchored Constantan wires.

Three different types of electrical measurements were performed: conventional
dc I-V measurements, non-local I-V measurements, and non-local measurements
using lock-in voltmeters.

The conventional I-V measurement setup used battery powered instrumenta-
tion pre-amplifiers of higher input resistances. The pre-amplifiers consisted of two
Burr-Brown OPA111BM at the inputs, connected to a Burr-Brown differential am-
plifier INA105KP. The last stage had a variable gain, 1, 10, 100, and 1000. Devices
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were connected in series with a known bias resistor, Rb. The current through a de-
vice was determined by measuring the voltage drop across Rb. This voltage was
amplified and sampled by Keithley 2000 DMM multimeters. The current through
the device was produced by an HP function generator, which swept a triangular
wave with a period of the order of 100 s.

To measure small non-local signals we used the lock-in voltmeter technique
for improved sensitivity. Typical spin signals were of the order of 100 nV, there-
fore a sensitivity of ∼ 1 nV was required. An additional advantage of the lock-in
technique is that it eliminates amplifier drifts. The samples were AC biased at fre-
quencies 1-10 Hz. The signals were first preamplified and then phase sensitively
measured using lockin voltmeters (SRS830).

It was crucial to select preamplifiers with very low input bias currents and high
input impedance. This consideration becomes especially important in the case of
measuring ferromagnetic-superconductor (F-S) tunnel junctions. In our measure-
ments we used INA 116 instrumentation amplifiers from Burr-Brown, having a
typical bias current of 3 fA. The drawback was a higher noise in the amplified
signal which had to be compensated by a longer integration time.

Magnetic field suppresses superconductivity. It is therefore most appropriate
to measure F-S devices in zero external field after setting the device in the appro-
priate antiparallel or parallel state. In this case, the lock-in technique was used
to monitor if the device was set in the appropriate magnetic state, after which the
external field was switched off. The AC technique was not suitable for I-V mea-
surements at low bias near the gap voltage of the F-S structures. We used the
following measurent procedure.

A 4 channel oscilloscope was used to sample the preamplified signals from the
injector and detector junctions. A triangular wave with frequency 0.125 Hz was
used as a source to bias the injector junction. 200 points were sampled during this
time each point with integration time constant of two power line cycles (High-Res
mode of the 8 Mpoints/channel oscilloscope). After the end of the burst, 25 ad-
ditional points were sampled with zero injection current in order to dynamically
compensate the offset in the signal (autozeroing). The 25 data points were aver-
aged to find the offset value, after which the 200 points of the sweep were offset
accordingly. During the relativlye short time period of 8 s the drift of the amplfiers
were negligible. Fig. 2.3a shows the noise floor for zero injection current. The full
data set of 2400×225 points is autozeroed as described above and plotted for com-
parison. The effectiveness of this procedure is illustrated by the power spectra of
the data sets, shown in figure 2.3b. The low frequency noise is greatly suppressed
below 0.1 Hertz in the autozeroed data compared to the original data. Figure 2.3c
shows that a longer time constant is no remedy for this kind of drifts. For a 96
s integration constant the high frequency noise (> 1/96 Hz) is integrated away
while the low frequency noise (drift) is effectively amplified. Amplification of this
unwanted drift is clearly seen by comparing the 20000 s and the 8 s measurements.
Instead multiple sweeps can be used to significantly improve the overall resolu-
tion, illustrated by the essentially noise free autozeroed data set (solid line). Figure
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2.3d shows the corresponding power spectra for the data in figure 2.3c. The overall
noise level is thus reduced by 4 to 6 orders of magnitudes.

The above parameters of 200 data points per sweep with 2400 sweeps were
chosen to match the time our He 3 cryostat could hold a given temperature before
a recondensation of He 3 was necessary. The sampling frequency of 25 Hertz (8 s
/ 200 points = 40 ms time constant) was chosen to minimize the 50 Hz noise.
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Figure 2.3: a) Noise floor (Ibias = 0) for a measurement of 2400×9 s without and
with autozeroing. b) The power spectra for the two data sets. c) A comparison of
three typical measurement arrangements: (i) a 20000 s sweep with a 96 s integra-
tion time constant, (ii) an 8 s sweep with a 40 ms integration constant, and (iii) a
8 s sweep averaged 2400 times, with a total measurement duration of 20000 s. d)
the power spectra for the data in c).



Chapter 3

Ferromagnetic tunnel junction arrays

3.1 Spin Polarization

A ferromagnetic metal, such as Fe, Co or Ni, has a shift in the density of states
(DOS) between the spin-up and spin-down electrons to minimize the total en-
ergy of the system. The difference between the populated spin-up and spin-down
bands determines the magnetic moment of the material. For Co, the d-band for
spin-up electrons is filled, while for the spin-down electrons it is only partly filled.
States in the 3-d band at the Fermi level are therefore available only for spin-down
carriers (see fig. 3.1 b) which leads to spin polarization of charge current in the
material. In Co, a part of the conduction electrons are in the s-band. The spin-up
and spin-down bands are shifted, but not as polarized as the d-band (fig.3.1 a). To
define the spin polarization in a material, the total current is divided up in two

Figure 3.1: Simplified density of states for the majority (↑) and minority (↓) elec-
trons in a) the s-band and in b) the d-band of Co, where EF is the Fermi energy.

11



12 CHAPTER 3. FERROMAGNETIC TUNNEL JUNCTION ARRAYS

currents, the majority spin current and the minority spin current. The majority
(minority) spin electrons are the electrons whose spin is parallel (antiparallel) to
the magnetization of the material and they are denoted by ↑ (↓). The polarization
of current is then a normalized difference between the majority spin current, I↑,
and the minority spin current, I↓:

P ≡ I↑ − I↓
I↑ + I↓

. (3.1)

The spin-up and spin-down currents in a material at low temperatures are pro-
portional to the density of states at the Fermi level for each spin, I↑ ∝ N↑(EF ) and
I↓ ∝ N↓(EF ), which gives for the polarization:

P =
N↑(EF )−N↓(EF )
N↑(EF ) + N↓(EF )

. (3.2)

In Co the filled band for the majority the d-electrons results in a predominantly
minority spin for the mobile electrons, in contrast to the partially polarized s-
electrons. Thus, Co should have a negative spin polarization. However, Eq. 3.2
does not take into account the fact that most of the ferromagnetic materials have
complicated Fermi surfaces with d electrons having a low Fermi velocity and s
electrons high Fermi velocity. Mazin [14] suggests the following more accurate
definition of the polarization:

Pn =
〈Nvn〉↑ − 〈Nvn〉↓
〈Nvn〉↑ + 〈Nvn〉↓

, (3.3)

where
〈Nvn〉σ = (2π)−3

∑
α

∫
vn
kασδ(Ekασ)d3k, σ =↑, ↓, (3.4)

Ek is the energy of an electron in the band α with the wave vector k, and vkασ is
the velocity. If n = 0 the equation 3.3 reduces to equation 3.2. Index n depends
on the experiment, with n = 0 for photo-emission experiments, n = 1 for the
conduction in the ballistic regime of transport measurements, and n = 2 for the
conduction in the diffusive regime [14].

3.2 Superconductor/Insulator/Ferromagnet junctions

To measure the polarization of a ferromagnetic metal, one can measure the con-
ductance of ferromagnet/insulator/superconductor (F/I/S) tunnel junctions in a
magnetic field. This method, developed by Tedrow et al. [15–18] showed, that
the polarization was not negative but positive and the values obtained were Fe:
+44%, Co: +34%, Ni: +11%, Gd: +4.5%. The majority electrons were dominant
and the result was surprising. Stearns [19] pointed out that the nearly free electron
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like s-d hybridized bands provided essentially all of the tunnel current and thus
gave a positive polarization. For a parabolic band, E ∝ k2, N↑(EF ) ∝ k↑ and
N↓(EF ) ∝ k↓, which inserted in equation 3.2 gives

Pf =
k↑ − k↓
k↑ + k↓

. (3.5)

Here k↑ and k↓ are the Fermi wave vectors in the spin-up and spin-down bands.
This simple expression does not take into account different amplitudes of tunnel-
ing from one k-state in band α over a tunnel barrier into the another k state in
band α′. However, it is often used as a first order approximation.

3.3 Magnetic tunnel junctions

In a F/I/F junction the resistance is dependent on the relative orientation of the
magnetization of the two ferromagnets. The interpretation comes from consider-
ing two limiting cases: parallel and antiparallel.

The Julliere model [20]

Assume that the number of conduction electrons in electrode 1 (2) is proportional
to the density of states at the Fermi energy. N1(2)(EF ). The electrodes are sepa-
rated by a thin tunnel barrier and a small voltage V is applied. The number of
spin-up conduction electrons in electrode 1(2) is

N1(2),↑ = a1(2)N1(2)(EF ), (3.6)

and the number of spin-down conduction electrons is

N1(2),↓ = (1− a1(2))N1(2)(EF ). (3.7)

ai is the fraction of spin-up conduction electrons in electrode i = 1, 2. When elec-
trodes 1 and 2 have parallel magnetizations, the majority electrons of electrode
1 tunnel into the majority band of electrode 2, and the minority electrons tunnel
into the minority band. The tunneling current for majority electrons and minority
electrons is a sum of the spin currents

IP ∝ (N1,↑N2,↑ + N1,↓N2,↓)V, (3.8)

resulting in a conductance given by

GP ∝ (N1,↑N2,↑ + N1,↓N2,↓). (3.9)

If the electrodes have antiparallel magnetizations, the majority electrons in elec-
trode 1 have tunnel into now the minority band of electrode 2, assuming there are
no spin flip events inside the barrier region. Similarly, the minority electrons now
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tunnel into the majority band on the opposite side of the barrier. The tunneling
current is now a sum of two cross-band terms, and the conductance becomes

GAP ∝ (N1,↑N2,↓ + N1,↓N2,↑). (3.10)

The tunneling magnetoresistance is the normalized difference in resistance be-
tween the two magnetic states:

TMR ≡ ∆R

RP
=

RAP −RP

RP
=

GP −GAP

GAP
=

2(2a1 − 1)(2a2 − 1)
1− (2a1 − 1)(2a2 − 1)

=
2P1P2

1− P1P2
,

(3.11)
where P1 ≡ 2a1−1 and P2 ≡ 2a2−1. This magnetoresistance only depends on the
ratio of the majority and minority density of states at the Fermi level. The model
does not depend on the height or the thickness of the insulating barrier, so the bias
voltage dependence is not explained.

The Slonczewski model

In 1989 Slonczewski [21] proposed a model where the barrier height and thick-
ness were taken into account. The model was based on the one-electron Hamil-
tonian within the free electron approximation and on Stearns [19] theory of s-d
hybridized bands.

The Schrödinger equation for a magnetic tunnel junction is
[
− ~2

2me

∂2

∂x2
+ V (x)− h(x)σz

]
ψ(x) = Eψ(x). (3.12)

Here V (x) is the barrier potential and h(x)σ is the internal exchange energy, with
h(x) being the local molecular field and σ the conventional Pauli operator. Slon-
czewski assumed that the external voltage is small and the potential is zero in the
electrodes and V0 in the barrier,

V (x) =





0 x < 0
V0 0 < x < d
0 x > d

.

The molecular field is assumed to have the same magnitude in both electrode re-
gions 1 and 3, |h1| = |h3| = h0, and h = 0 inside the barrier. The eigenenergy
inside the two ferromagnets are

E =
1
2
k2

σ − σh0, σ = ±1, (3.13)

and inside the barrier
E = −1

2
κ2 + V0, (3.14)
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where kσ is the Fermi momentum of the electron of a given spin, and iκ is its
imaginary momentum in the barrier. Slonczewski derived the conductance of the
junction having the two ferromagnets angled by θ;

G(θ) = Gconst

(
1 + P 2

b cos θ
)
, (3.15)

where Gconst is the mean surface conductance, and the Pfb is the effective spin
polarization

Pb =
(

k↑ − k↓
k↑ + k↓

)
·
(

κ2 − k↑k↓
κ2 + k↑k↓

)
. (3.16)

The first factor in Pb is equal to the polarization of equation 3.3, while the second
factor (

κ2 − k↑k↓
κ2 + k↑k↓

)
(3.17)

is the interfacial factor and cannot be larger than one, or smaller than −1. This
factor depends upon the barrier height (κ) and reduces the polarization when the
barrier height is small. For a very low barrier, even a negative effective polariza-
tion can be obtained (κ2 < k↑k↓).

Equation 3.16 gives the barrier height dependence of the polarization through
κ(V0). However, the model does not describe voltage, temperature or thickness
dependence of MR. MacLaren et al. [22] compared the Julliere model [20] and
Slonczewski’s model [21] with the exact expression for the magnetoconductance
for free electrons and a numerical calculation for band electrons in Fe based tun-
nel junctions. They point out that the Julliere model and Slonczewski’s model do
not accurately represent the magnetoresistance. However, Slonczewski’s model
does provide a good approximation in the thick barrier limit and for small barrier
heights. Tsymbal and Pettifor [23] pointed out that Julliere’s formula (Eq. 3.11)
agrees with the magnetoresistance for highly disordered barriers.

Angular dependence of MR

Equation 3.15 describes the behavior of conductance of a magnetic tunnel junction
when the magnetization of one of the electrodes is at an angle θ relative to the
other electrode’s magnetization. If the electrodes are small enough, such that they
do not split into multiple magnetic domains and have single domain like behavior
during switching, one can use the magnetoresistance to study the switching of the
electrodes.

When θ = 0, the electrodes are magnetized in parallel, and at θ = π, in an-
tiparallel. We define GP = G(0) in equation 3.15, and GAP = G(π). Their cor-
responding resistances are RP = G−1

P , RAP = G−1
AP , and R(θ) = G(θ)−1. The

magnetoresistance is

MR(θ) ≡ R(θ)−RP

RP
. (3.18)
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From equations 3.11, 3.15, and 3.18 we get the angle θ in terms of MR(H):

sin2(
θ(H)

2
) =

MR(H)
MRAP

. (3.19)

Observe that this equation is only valid when the magnetization across the bar-
rier surface of the two electrodes is uniform. If the electrodes are split into mag-
netic domains within the barrier area, different parts of the electrode will have a
different polarization angle. In this case a micromagnetic consideration may be
necessary. The most reliable way to achieve single-domain electrodes is to make
the electrodes very small, such that it is energetically unfavorable under all condi-
tions to have a magnetic domain wall within the barrier region.

Micromagnetic considerations

Micromagnetic simulations were performed using the OOMMF software package
from NIST [24]. This software divides magnetic structures into a grid of finite
elements with effective spins positioned in the center of each element. In every cell
the energy density E is calculated taking into account the crystalline anisotropy,
exchange, demagnetization and Zeeman terms. The effective field is calculated
from

Heff = − 1
µ0

∂E

∂M
(3.20)

where M is the magnetization in each cell. The total magnetization dynamics is
determined using the Landau-Lifshitz equation [25]

dM
dt

= −γM×Heff −
γα

Ms
M× (M×Heff) (3.21)

where γ and α is the gyromagnetic ratio and the damping coefficient respectively.
Increasing the number of elements (decreasing the cell size) increases the accu-

racy of the simulation at the same time making the task computationally more
demanding. Best results are obtained when the cell size is comparable to the
magnetic exchange length in the material. The exchange length is defined as
l2ex ≡ A/Km the ratio between the exchange stiffness constant, A, and the magne-
tostatic energy density of the material, Km = µ0M

2
s /2. As the size of the particles

is reduced, the particles approach the magnetic single domain state in which all
spins are aligned. Small cubic particles of size L reach the limit of single domain
when L ∼ 10lex.

For Co, A ∼ 10−11 J/m and MS ∼ 1.4×105 A/m. The exchange length and the
single domain limit is thus lex ∼ 3 nm and L ' 30 nm respectively. Some minor
spin perturbations are still possible depending on the exact shape of the element.
However, multi-domain states are eliminated by such small size.

Thin film electrodes of thickness t ∼ 10 nm, much smaller than the in plane
dimensions, in which the demagnetization in the out of plane direction enhances
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Figure 3.2: Micromagnetic simulations of Co with A = 3× 10−11 J/m, MS = 1.4×
106 A/m, thickness 10 nm, length 500 nm. a) A vortex pattern is obtained in the 140
nm wide electrode. b,c) s- or c- shaped pattern is obtained for the 70 nm electrode.
The greys scale displays the longitudinal component of the magnetization.

the effective exchange length, lex = 4πA/Kmt , have the single domain range ex-
panded to L ' 70 nm. The following micromagnetic analysis demonstrates this
argument. Fig. 3.2 shows three different magnetic states. Fig. 3.2 a) show a 140
nm wide and 500 nm long rectangular electrode in which a vortex type domain
pattern is formed. Fig. 3.2 b,c show a 70 nm wide electrode with two different
magnetic states: b) s-shaped, and c) c-shaped. The s- and c-shaped states are uni-
form magnetic states with slight perturbations at the ends of the electrodes. This
example illustrates the importance of a proper design of the magnetic electrodes.
The details are in [paper 2].

3.4 Double-junction configuration

MR in magnetic tunnel junctions decreases substantially at a voltage bias of a few
hundred mV. This is a disadvantage for applications such as magnetic random
access memory (MRAM), where typical voltages are ∼ 300 mV [26]. One way to
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remedy this problem is to have two junctions in series instead of one. The voltage
is then divided between two junctions and the bias dependence of MR is halved,
assuming that they act as two independent variable resistors. The series MR here
is the difference between the all parallel state (↑ ↑ ↑) and the all-antiparallel
state (↑ ↓ ↑) of the three electrodes. To change from (↑ ↑ ↑) to (↑ ↓ ↑) the
middle electrode should have a low coercivity compared with the outer electrodes.

The assumption that the junctions act as independent resistors is perhaps not
justified. Let’s assume that the distance between the two barriers is much larger
than the spin coherence length. Assume further that the conductance of the junc-
tions are much lower than the conductance of the middle electrode separating the
two junctions. If the electrons relax their spin on the way between the barriers
loosing their spin "memory", then the junctions act independently, as two resistors
in series. Both resistors are dependent on the relative orientation of the magneti-
zations and the bias voltage. However, the voltage over the resistors should add
up:

Vtot = V1 + V2 = I(R1 + R2) (3.22)

where Vi and Ri are the voltage and the resistance of junction i = 1, 2 and I is the
current common to both junctions.

Zhang et al. [27, 28] have calculated the transmission coefficients for the sin-
gle electron Hamiltonian, where the two outer ferromagnetic electrodes were kept
parallel, while the inner electrode’s magnetization was rotated. The results were
that the MR oscillated with the distance between the two tunnel barriers, which
they termed a spin-polarized resonant tunneling. Another result was that the an-
gle between the orientation of the magnetization of the outer electrodes with re-
spect to the inner electrode had a much larger effect than that of a single junction.
The maximum MR for a single junction occurs 180◦. For a double junction the
maximum MR could occur at an angle other than 180180◦, leading to the possibil-
ity of "inverse MR". These two effects were very much dependent on the distance
between the two barriers and could change the MR from−40% to over 20% within
4 Å . However, the effects predicted in this model are due to electron transmission
over a double junction, i.e. resonant tunneling or co-tunneling.

A lot of theoretical work has been done in the case where the central elec-
trode is substituted with a small ferromagnetic island. If the capacitance of the
island is small enough and the temperature is low, the double junction can exhibit
a Coulomb blockade. The energy level between the states of n electrons on the
island and n + 1 electrons is e2/2C [29] ,where C is the capacitance of the island.
The energy that is required for an electron to tunnel onto the island is hence e2/2C.
The energy can be taken from the thermal energy kBT or the bias voltage over the
double junction, eV . If the temperature is very low (kBT ¿ e2/2C), then the volt-
age that is required for electrons to tunnel is Vb = e/2C. The Coulomb barrier can
be quenched by a capacitively coupled gate to the island. Below the blockade volt-
age Vb the sequential tunneling is negligible and the electrons tunnels via a virtual
state of the island (cotunneling). Theoretical studies [30] showed that the MR is
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enhanced in the Coulomb blockade regime where cotunneling dominates. These
calculations were made to explain the experimental results of Ono et al. [31], who
observed that the MR was enhanced to 40% in this regime.

Neglecting cotunneling and only considering sequential tunneling, Majumbar
and Hershfield [32] found that the MR was oscillating with the voltage. Barnas
and Fert [33] found a similar behavior in the case where the island is made of
a normal metal. However, in both articles, the effect of spin accumulation in the
island was neglected. The time for the electron to relax its energy τ and its spin τsf

was assumed to be of the order of or shorter than the time between two successive
tunneling events τt. These time scales imply that the tunneling electrons have time
to relax and, hence, the system is in equilibrium.

When τsf À τt the electrons do not have time to relax their spin and a non
equilibrium spin accumulation appears on the island, which is a splitting in the
chemical potential between the spin-up and spin-down states in the island. In the
work of Brataas et al. [34] the magnetizations of the outer electrodes are kept paral-
lel, and the island is switched from parallel to antiparallel orientation of the mag-
netization relative to the outer electrodes. They assumed further that the energy
relaxation is faster than the time to relax spin, and found that the non-equilibrium
spin distribution may enhance the MR and thereby have a drastic effect on the
transient transport properties, such as a reversed current on time scales smaller
than τsf . Martinek et al [35] studied the situation of keeping one of the electrodes
in parallel orientation with the magnetization of the island, and rotating the sec-
ond electrode in relation to the other elements. The spin accumulation became
significantly larger around the Coulomb steps. In an extension of that work, Bar-
nas et al. [36] showed that the MR oscillated with the applied gate voltage and
could even become negative.

In the case when the island was made of a normal metal MR was present, mod-
ulated by the relative orientation of the magnetization of the outer magnetic elec-
trodes [37]. If τsf on the island was shorter than τt the MR vanished [38], [39]. In
the other limit, when τsf was longer than τt, the MR saturated to a finite value,
determined by the spin dependence of the tunneling rates.

In most of the theoretical work that has been done for the all ferromagnetic
double junction configuration, it has been assumed that the island is small, has a
small capacitance, and the spin distribution is uniform across the island. Small
capacitance leads to charge quantization of the energy levels on the island. Not
much has been done theoretically in the case where the island is replaced by a
large electrode with closely spaced tunnel junctions. If the middle electrode is
not attached to any external components, it can be taken as a large island. The
island is so large that the charge quantization of the energy levels is washed out.
When the island is large, i.e. larger than the length scale over which an electron
relaxes its spin, lsf , polarized electrons tunneling into the island cause a local spin
accumulation, which is dependent on the distance from the tunnel junction. The
spin diffusion length is defined as lsf ≡ √

Dτsf [40], where D = vF lf/d is the
spin independent diffusion coefficient of the metal island, vF is the Fermi velocity,
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lf = vF (1/τ + 1/τsf )−1 is the mean free path and d is the spatial dimension of
the island which is assumed to be much smaller than the spin diffusion length.
An estimation of the spin diffusion length in Co is ∼ 30 nm [41]. Hernando et
al [40] described a system with an island made of normal metal and showed that
the MR is finite when the spin diffusion length is equal or longer than the distance
between the contacts. The MR decrease exponentially when the distance between
the contacts increases. Spin diffusion inside a ferromagnetic metal is similar, but
generally has a shorter length scale. MR is not a completely interfacial effect, it
takes place also inside the electrodes as they relax to equilibrium spin distribution.

A model for giant magnetoresistance (GMR) current perpendicular to the plane
(CPP) multi-layers has been derived by Valet and Fert [41]. This model was ex-
tended by Hernando et al. [40] to accommodate arbitrary inter-layer contacts. We
will apply this model by exchanging the parameters for the normal metal island
with parameters that express a ferromagnetic island, having parallel or antipar-
allel magnetization with respect to the outer electrodes, which are magnetized in
parallel. We will also exchange the contact conductance with the conductance of
the barrier given by Julliere [20]. The barrier conductance is assumed to be much
smaller than the conductance of the metal island. The spin polarization in the
bulk, far away from the barriers is set to P = 0.5 in the ferromagnetic elements,
which is close to the spin polarization in Co [41]. We expect that the current in the
parallel case is more polarized close to the barriers than that in the bulk. The cur-
rent for one spin orientation in the bulk is proportional to the density of states at
the Fermi level for that spin, while the conductance of the barrier is proportional to
the square of the density of states at the Fermi level for each spin,(see Eq. 3.9-3.10),
giving a different spin polarization of the current close to the barriers. The spin
polarized conductance of the barriers gives rise to a shift between the spin-up and
spin-down chemical potentials, ∆µ = µ↑ − µ↓, which is the spin accumulation.

We first consider a double-junction of barrier separation, L, which is in the
all parallel configuration. When the electrons travel from the right to the left, we
expect a negative spin-accumulation appear to the right of each barrier, and a pos-
itive spin accumulation to the left of each barrier, as shown in fig. 3.3a. When the
spin diffusion length increases, the local spin accumulation converges to a linear
function of the distance. However, the spin accumulation is always zero in the
middle of the island. In the antiparallel case, the spin accumulation is positive
close to the right barrier and negative around the left barrier, as shown in fig. 3.3b.
The spin accumulation is not equal on both sides of the barrier, and the difference
increases with increasing lsf . The spin accumulation is somewhat similar to the
parallel case, with a positive gradient across the island, crossing zero in the mid-
dle of the island. The sign of the spin accumulation has however, changed in the
electrodes.

The spin-up, I↑, and spin-down, I↓, currents for the parallel case are plotted in
fig. 3.4a. The total current is ITOT = I↑ + I↓. We see that the spin polarization is
increased close to the barriers and, for lsf = L, the equilibrium bulk spin polar-
ization on the island is not reached. When lsf = 0.1L the spin polarization nearly
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reaches the bulk spin polarization in the middle of the island. In the antiparallel
case, very close to the barriers the spin currents are close to equaling each other
as shown in fig. 3.4b . When lsf = L, the spin polarization in nearly zero over
the island, while for lsf = 0.1L the spin polarization increases and almost reach
the bulk value in the middle of the island. If the spin diffusion length is compa-
rable to the distance between the barriers, we expect that the spin currents do not
reaches their equilibrium bulk value in the island for either parallel or antiparallel
alignment. However, in our case, when the ferromagnetic structures are separated
by thin insulating barriers, the resistance of the island is small compared to the
barrier resistance. This large contact resistance results in a very small effect of the
spin accumulation. The chemical potential shift arising from the spin accumula-
tion is small compared to the potential difference over the barriers and results in a
negligible change in the resistances for both magnetization configurations. Thus,
we cannot expect from this model any sizable change of MR of a double tunnel
junction, compared to two tunnel junctions in series. This model does not include
any bias dependence, i.e. it is only applicable in the zero bias regime.

Planar double junctions with junction separations smaller than the spin diffu-
sion length have been made by Montaigne et al [42] and Inomata et al [26]. They
compared the bias dependence for a double-junction with the bias dependence
of single junctions and found that the double junctions had a much weaker de-
pendence. In these experiments, measurements of the individual tunnel junctions
could not be made. In our experiments, we measure each tunnel junction sepa-
rately and compare the results with the measurements of the double junctions.
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Figure 3.3: Spin accumulation as a function of location in a double junction system
for lsf = 0.1L, 0.2L, 1L. The large arrows show the magnetization direction of the
ferromagnetic elements. (a) Parallel magnetization of ferromagnetic elements. (b)
Antiparallel configuration.
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Figure 3.4: Currents for spin-up (I↑) and spin-down (I↓) channels for lsf =
0.1L, 1L. The bulk spin polarization is taken to be P = 0.5, which means that
far from the barriers, I↑ = 0.25Itot and I↓ = 0.75Itot. (a) Parallel magnetization of
the elements. (b) Antiparallel magnetization of the elements.
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(a) SEM image of the single junc-
tion.
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(b) MR for the single junction.

Figure 3.5: A single F/F lateral tunnel junction.

3.5 Magnetic triple-junction (Paper 1 & 2)

Our first attempts in developing magnetic nano-devices were based on Fe tunnel
junctions. One problem was that the bridges in the mask sagged or even cracked
during the evaporation of the bottom Fe layer (see section 2.2). The mask distor-
tion was not acceptable and the junctions were shorted. To avoid mask distortion,
two layers of Al, each with a thickness of 10 Å, were evaporated and oxidized be-
fore the first layer of Fe was deposited. The precursor Al layer acted to strengthen
the bridge and, indeed, there was less mask distortion during the Fe evaporation.
Despite of this optimization we were not able to produce working devices with
Fe/AlOx/Fe overlap junctions. The junctions were either shorted or didn’t show
any magnetoresistance.

Co deposition resulted in a mask distortion that was even worse than that for
the Fe tunnel junctions. Edges in the mask sagged resulting in larger structures
than designed, and the bridges fell on the substrate during the first Co evapora-
tion. To avoid the mask distortion, again two layers of Al were deposited and
oxidized before the first deposition of Co, and the thickness of Co was reduced
by 50% down to 50 Å. This fixed the mask problems, but the Co junctions were
nevertheless shorted or had a non-measurable resistance.

An attempt to increase the resistance was made by modifying the AlOx tunnel



3.5. MAGNETIC TRIPLE-JUNCTION (PAPER 1 & 2) 25

barrier fabrication step. Instead of depositing a single layer of Al and oxidizing
it, the AlOx was formed in three sequential oxidation steps. Each Al layer was
oxidized before the next layer of Al was deposited. Using this kind of oxidation
technique resulted in working junctions. The sheet resistance was in the range of
0.1 − 1 kΩ µm2 and the measured magnetoresistance was ∼ 3% at room temper-
ature. Further optimization by increasing the oxygen pressure during oxidation
of the Al increased the magnetoresistance up to ∼ 10% at room temperature and
15− 25% at low temperature.

The shape of a typical single junction fabricated using the Dolan bridge tech-
nique described in section 2.2 is shown in fig. 3.5(a). The first and the third elec-
trodes from the left are the "left shadow", and the second and the fourth are the
"right shadow". The left shadow consists of four layers (from bottom): the two
AlOx layers to strengthen the bridges, the Co layer which forms the bottom elec-
trode, and the AlOx tunnel barrier. The right shadow consists of Co, which forms
the top electrode, and Al. The last Al layer is to prevent oxidation of the top Co
electrodes. The brighter overlapping parts are the actual tunnel junctions with a
width of ∼ 100 nm. The size of the elliptical electrodes are 300 nm lateral and
1200 nm longitudinal. The right and the left shadows are shifted by 200 nm in the
lateral direction. For such a lateral shift and for leads wider than 200 nm, the left
and right shadows overlap, making a tunnel contact. The first electrode is con-
nected with the second, and the third with the fourth in this shadow evaporation
technique. However, it is only the middle junction that can be measured.

In fig. 3.5(b) the magnetoresistance of a single junction is shown as a function of
external field. The observed behavior of the magnetoresistance is consistent with
the following magnetization sequence: at zero field, both electrodes are aligned
parallel in "negative" direction. The first electrode switches along the field at 200
Oe, which results in an antiparallel state of the junction and hence maximum re-
sistance. The last electrode switches at ∼ 300 Oe, which brings the electrodes to
the parallel state with the lowest resistance.

The sharp switching behavior indicates that the electrodes switch in a uniform
fashion, and not gradually with several intermediate magnetic configurations. Re-
peated measurements of the same single junction showed that the magnetoresis-
tance curves were not exactly reproducible. A common feature was an asymmetry
with respect to magnetic field. The width of one of the peaks could be wider than
that for the opposite field, the heights of the peaks were also different, and one of
the peaks could even disappear. This indicates that the magnetostatics plays an
important role and that it is possible for Co electrodes to split into domains.

Since the junction resistance increases exponentially with the thickness of the
tunnel barrier, it is advantageous to make all the junctions in one process step, as
is the case with the two angle evaporation technique. At the outset of our experi-
ments, we were interested in non-equilibrium spin transport effects in the presence
of several closely spaced tunnel junctions. Thus, every chip containing the single
junctions like fig. 3.5(a) contained also triple- and five-junction arrays, where all
junctions were made in one sequence.



26 CHAPTER 3. FERROMAGNETIC TUNNEL JUNCTION ARRAYS

Figure 3.6: SEM image of a triple-junction.
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Figure 3.7: Tunnel magnetoresistance for a triple-junction at room temperature.
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A SEM image of a triple-junction is shown in fig. 3.6. The width of the elec-
trodes and the two islands are 300 nm, and the lengths of the islands 1200 nm.
The width of the junctions is 100 nm and the junction separation is 100 nm. As
in the single junction case, two extra electrodes are present as a byproduct of the
shadow evaporation, which results in two extra non-used junctions in addition to
the three-junction array. The two left-most and right-most electrodes with leads
connected to them, are held at the same potential during measurement, so there
is no current flow through theoutmost junctions. However, their magnetic con-
figuration may effect transport in the central region array through magnetostatic
interactions

A close to ideal magnetoresistance for a triple junction array can be seen in
fig. 3.7. The maximum magnetoresistance is 7%. The total saturation resistance
for this triple junction is 585 kΩ. The observed behavior of the magnetoresistance
is consistent with the following magnetization sequence: at small positive field,
the two electrodes and the two islands are magnetized in parallel and opposite to
the applied external field. At ∼ 100 Oe one of the electrodes switches along the
applied field. The next-neighbor island switches at ∼ 200 Oe. At this moment the
junctions are all antiparallel and, hence, the magnetoresistance is at the maximum.
At ∼ 300 Oe the next electrode switches along the field, followed by the second
island, at∼ 400 Oe. All the junctions are back in an all-parallel state, which is at the
minimum magnetoresistance. If the junctions were identical, the spacing between
the steps in the magnetoresistance would be equal. The resistance change between
the steps in MR in fig. 3.7 is ∆R = 15 kΩ, 17 kΩ, and 11 kΩ. These differences in
∆R could well be due to some differences between the junctions or due to non-
collinear magnetizations, and are not necessary some collective transport effect of
the array.

In the magnetoresistance shown in fig. 3.7, there is a small kink in the switch-
ing at −200 Oe. A second measurement of the same sample is shown in fig. 3.8.
Here we see how the small kink has developed into an additional step. This indi-
cates a multi-domain switching of one of the elements. Note that a multi-domain
switching of an outermost "lead" electrode could easily be mistaken for a single-
domain switching of one of the electrodes or that of the islands. It is therefore
important to have a control of the magnetic configuration for interpreting the mag-
netoresistance. We therefore proceeded with designs where each junction could be
measured individually.
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Figure 3.8: Magnetoresistance for at triple junction showing an additional step due
to multi-domain switching in one of the elements.

Figure 3.9: SEM image of a double junction with three terminals.

3.6 Double junction device (Paper 1 & 2)

In order to verify if closely spaced tunnel junctions do have an additional magne-
toresistive effect we developed a double junction device with three terminals such
that we could measure the individual junctions separately.

The double junctions were made with the same film configuration as the array
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Figure 3.10: Tunnel magnetoresistance for left and right junctions in a double junc-
tion configuration.

samples: two oxidized Al layers followed by a Co layer and the AlOx tunnel bar-
rier, and then a second Co layer shifted in projection. The double junctions were
designed with three terminals as shown in fig. 3.9. The width of the left and right
electrodes at the overlap is ∼ 90 nm and ∼ 70 nm, respectively. The overlap of the
outer electrodes and the middle island is 80 nm and their separation is ∼ 60 nm.
The width of the central electrode is 300 nm. Macroscopic leads are connected
to each of these electrodes. This configuration makes it possible to measure both
junctions individually and in a series connection, in order to ascertain to what
extend "collective" effects exist when the junctions are measured in series.

The resistance at room temperature at magnetic saturation, RP , for the left and
right junction was 127 kΩ and 130 kΩ respectively. The magnetoresistance (MR)
for each tunnel junction is shown in fig. 3.10. The MR is the ratio (R(H)−RP )/RP ,
and is given in percent. Both junctions switch sharply and enter the antiparallel
state at the same field,∼ 50 Oe. The left junction with the wider electrode switches
back to the parallel state at ∼ 240 Oe. The right junction with the narrower elec-
trode enters the parallel state at ∼ 320 Oe. The interpretation of this data is that
the common electrode switches along the field at 50 Oe so that both junctions are
in the antiparallel state. The continuous increase of MR in the left junction can be
understood as a magnetization rotation in the left electrode. If the junction is in
the parallel state at saturation (0% MR) and antiparallel state at MR∼ 8%, the con-
tinuous increase up to 3% before the first switching at 50 Oe indicates a rotation
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Figure 3.11: Tunnel magnetoresistance for a double junction.

of the magnetization in the left electrode of θ = 75◦, before the switching to 180◦

occurs. The rotation angle is estimated using Eq. 3.19. This rotation is not present
in the right electrode which has a larger length to width ratio. The lengths of the
left and the right electrodes are the same, but the widths are different.

When connecting the junctions in series, for the double junction configuration,
the resistance is close to the sum of that for the left and the right junction measure-
ments. The double junction resistance at magnetic saturation is 245 kΩ compared
to 127 + 130 = 257 kΩ for the sum of the two junctions. This small discrepancy
could be due to a different voltage bias in the two measurements, 30 mV for the
double junction and 10 mV each for the single junction measurements. The I-V
curves of the junctions are non-linear, with the resistance decreasing at high bias.

For the double junction configuration the magnetoresistance, shown in fig.
3.11, does not show pronounced MR enhancement compared to the case of the
two junctions in series. The double junction switches to the antiparallel state at
∼ 50 Oe, the left electrode switches at ∼ 240 Oe, followed by the right electrode
at ∼ 320 Oe. All switching fields are consistent with the single junction measure-
ments. The measurements of the double junction are rather reproducible. The
coercive fields for the two outer electrodes varied ±20 Oe. This variation could
well be due to different initial domain patterns in the leads when sweeping the
applied field. An MFM image of a sample having the same design of the leads is
shown in fig. 3.12. The image shows a pattern of brighter and darker areas, which
corresponds to magnetic attractive or repelling forces on the magnetic probe of the
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MFM. This image shows a complex domain structure in one of the leads, which
can slightly affect the small electrodes, causing some variation in their switching
fields. The magnetic image of the double junction itself shows well defined single
domain states.
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Figure 3.12: AFM topography image (above) and corresponding MFM image (be-
low) of a double tunnel junction. The darker and brighter areas in the MFM image
corresponds to attractive and repelling magnetic forces between the sample and
the magnetic tip in the MFM. Within the ellipse the MFM image shows a complex
magnetic structure in the leads and a uniform, single-domain like configuration in
the junction area.
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(a) SEM image.
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(b) Magnetoresistance of the junctions. A complex be-
havior appears in the wider electrode which could well
be a result of multiple domains in the junction area, due
to a rectangular shape of the small electrodes.

Figure 3.13: A double junction where the width of the small outer electrodes are
∼ 120 nm and ∼ 100 nm.

Multiple magnetic states (Paper 2)

A sample with an outer electrode width of 120 nm is shown in fig. 3.13(a). In this
sample, a complex switching behavior is seen in the MR curve [fig. 3.13(b)]. Our
interpretation of this behavior is that the wide, left electrode is splitting up into
multiple magnetic domains. The right junction with the 100 nm wide electrode
shows a similar behavior as the 90 nm wide electrode of the previous double junc-
tion sample. We observe a continuous increase of the resistance until the middle
electrode switching at ∼ 100 Oe, where the double-junction enters the anti par-
allel state . The right electrode switches along the field at 300 Oe, above which
electrodes have parallel magnetizations. The magnetic switching characteristics,
as measured by the MR of these and other samples show the following behavior:
the narrower the electrodes are, the sharper the switching characteristics. When
electrodes become wider than ∼ 100 nm, their exhibit multi domain behaviour.
The middle electrode avoids splitting into domains due to elliptic shape of its
tip and the large length to width ratio, (20:1). These conclusions are drawn from
room temperature measurements. At low temperatures we find a rather different
switching behavior.



34 CHAPTER 3. FERROMAGNETIC TUNNEL JUNCTION ARRAYS

-3000 -2000 -1000 0 1000 2000 3000

0

5

10

15

20

25
V bias 10 mV at 5K

 Double Junction
 Sum of two single junctions

M
R

 (
%

)

Field (Oe)

Figure 3.14: Tunnel magnetoresistance for the double junction and the added re-
sistances for the single junctions at low voltage bias at 5K. As can be seen the two
single junctions add up to the double junction configuration.

Bias dependence

The sample with ∼ 70 nm and ∼ 90 nm wide outer electrodes was cooled down
in a He3 cryostat. During the cool-down no magnetic field was applied. After
reaching the base temperature of 260 mK the resistances went up one order of
magnitude, to 1.2 MΩ for the left junction and to 1.3 MΩ for the right junction.
The magnetoresistance for the double junction is shown in fig. 3.14. The double
junction was voltage biased at 10 mV and the temperature was 5 K. The switching
characteristics has changed compared with that at room temperature. > 2000 Oe
was necessary to saturate the junctions compared to ∼ 400 Oe at room tempera-
ture. The magnetoresistance graph shows also an asymmetry with respect to the
applied magnetic field. This behavior could well be an indication that the sample
cannot be saturated magnetically at 0.8 T which is the maximum field the samples
were exposed to. The magnetoresistance for the double junction is at its maximum
at 23% (at 10 mV), and 24% and 22% for the right and left junction respectively.
The voltage bias for the left and right junction were ∼ 5mV , and the voltage over
the right junction was slightly larger than that over the left junction due to their
difference in resistance. When the resistances for the left and right junctions are
summed, we find that the sum MR is the same as the double junction’s MR, shown
in fig. 3.14. Thus, no MR enhancement in the double junction is observed at low
bias.

From the double junction measurements alone, we can not conclude that the
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Figure 3.15: Magnetoresistance forthe left and right junctions measured separately,
at high voltage bias. Both tunnel junctions are in the antiparallel state at −600 Oe .

two junctions are antiparallel at some applied field. To see that they enter the
antiparallel state at the same time, we have to measure each junction separately.
The magnetoresistance for each junction is shown in fig. 3.15. Here the voltage
bias is ∼ 200 mV. The drop in the magnetoresistance from a maximum of ∼ 23%
to 12 − 14% is due to the strong voltage dependence of the magnetoresistance.
The switching behavior is the same as for the low bias measurements. Although
the low-T MR curves are more difficult to interpret, the curves show that both
junctions have a maximum in MR at −600 Oe and, therefore, likely are in the
antiparallel state at this field.

Fig. 3.16 shows the magnetoresistance for the double junction biased at 400 mV
which is ∼ 200 mV per junction. The double junction has a maximum magnetore-
sistance of ∼ 14%, whereas the separately measured junctions have a sum MR
of ∼ 13%. If there were no spin coherence in the middle electrode, the double
junction would act like two magnetic tunnel junctions in series and the two MR
curves plotted in fig. 3.16 would coincide. The measured data indicates that some
collective effect survives over distances of 60 − 100 nm. Furthermore we see that
this enhancement of the double junction MR occurs only in the antiparallel con-
figuration of the three electrodes. We estimate the maximum error due to uneven
voltage bias across the two barriers in the double junction to be < 5%. This is to
be compared to the measured 9% MR.

Fig. 3.17 shows the relative magnetoresistance for a double junction and its
right junction as a function of voltage bias. The double junction has a weaker
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Figure 3.16: Magnetoresistance for the double junction and the added left and
right junctions from fig. 3.15. At high voltage bias the MR of the double junction
is slightly enhanced above the expected result for two resistors in series. This
enhancement only occurs for antiparallel alignment.

negative bias dependence compared to the right junction. At∼ 450 mV (∼ 225 mV
per junction) the magnetoresistance for the double junction is halved. However,
the single junction drops to 1

2 of the zero bias value at ∼ 150 mV.

To explain the voltage bias dependence of the magnetoresistance shown in fig.
3.17 and also observed by others [20,43–45], various theories have been proposed.
Zhang et al. [28] presented a transfer-matrix theory, an extension of Slonczewski’s
theory [21], taking in to account the bias dependence of the magnetoresistance.
This theory, however, was shown to be inadequate for explaining the bias depen-
dence [44]. Another explanation is that tunneling electrons scatter from possible
magnetic impurities in the barrier. This scattering can cause a fraction of the tun-
neling electrons to flip the spin [46]. Tunneling electrons with energy above the
Fermi energy can cause excitations of the local spins at the barrier/electrode in-
terface [43, 47, 48]. In other words, a fraction of tunneling electrons with a given
spin, scatter with magnons at the interface and change the spin orientation. Other
proposals to explain their bias dependence of the MR include inelastic tunneling
with excitation of phonons or magnons [28, 43, 47, 48].
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Figure 3.17: Tunnel magnetoresistance for a double junction.

3.7 Conclusions

We have successfully fabricated triple junction arrays with closely spaced tunnel
junctions. In this configuration there are four “active” F structures, the two outer
F electrodes and the two inner F islands. Due to the elliptical geometry the struc-
tures showed a single domain behaviour such that individual magnetic switchings
of the multiple electrodes could be observed. Thus, we demonstrated a lateral
device with multiple stable magnetic states. In this device we were not able to
measure the individual tunnel junctions separately so we could not distinguish
if the closely spaced tunnel barriers enhanced the MR . If there was some non-
equilibrium contribution to the signal it was not large, below the variations in
the properties of the individual tunnel junctions. In the double junction configu-
ration we were able to measure each junction separately, and determine the MR
properties for each electrode. In the low bias regime we could not read out any
non-equilibrium MR effects. In the high bias regime we found a moderate MR
enhancement ( ∼ 10%) due to the double junction configuration. The minimum
separation that could be achieved using our fabrication method of 50-100 nm was
to large for producing strong non-equilibrium MR. The bias dependence of the
MR in the double junction was found to be substantially weaker than for single
junctions.





Chapter 4

Spin transport and relaxation in
multi-terminal devices

The first section of this chapter describes the theory of spin injection, relaxation
and detection in normal metals. This is followed by a discussion of our experi-
ments on transport in mesoscopic Al wires in section 4.4, and of a direct demon-
stration of a complete spin-charge current decoupling in diffusive transport chan-
nels.

4.1 Spin transport

The first proposal on spin injection into a normal metal dates back a few decades
[49,50] and is based on a thermodynamic argument. Another theoretical approach
was proposed by Valet and Fert [41] and is based on the Boltzmann transport the-
ory for magnetic multi-layers. The two models are equivalent since they describe
the same type of physics. Here we follow the discussion of the same effects by
Rashba [51, 52].

Spin diffusion

When a charge current, jq , is sent through an F-N junction (tunnel or a metallic),
the spin current, js, through the junction is,

js ≡ j↑ − j↓ ≡ γ(j↑ + j↓) ≡ γjq, (4.1)

where γ is the current polarization. The spin current can be written as

js = −σN 5 (µ↑ − µ↓)/2e ≡ −σN 5 δµ/e (4.2)

where σN is the conductivity in N, and δµ is the spin splitting in the chemical
potential, 2δµ = µ↑ − µ↓. The spin splitting is related to the difference in spin up

39
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and spin down electron densities, ns,

δµ = (µ↑ − µ↓)/2 =
D

σN
(n↑ − n↓) ≡ D

σN
ns, (4.3)

where D is the diffusion constant. In the steady state, the continuity equations are

∂n↑
∂t

= 0 = ∇ · j↑ + (Γ↑↓n↑ − Γ↓↑n↓)

∂n↓
∂t

= 0 = ∇ · j↓ − (Γ↑↓n↑ − Γ↓↑n↓) (4.4)

where Γ↑↓ is the spin-flip rate. In N, the two rates are equal, 2Γ↑↓ = 2Γ↓↑ = Γ =
τ−1
sf , τsf is the spin relaxation time.

Combining Eqs. 4.2, 4.3 and 4.4 gives the diffusion equation

λ2
sf∇2δµ = δµ, (4.5)

where λsf =
√

Dτsf is the spin diffusion length in N. This equation is independent
of the charge current density, jq and therefore describes spin diffusion, which is
isotropic irrespective of the charge current in N. Generally Eq. 4.5 has to be solved
numerically, with geometry specific boundary conditions.

To be able to determine the spin relaxation time in N from the measured spin
diffusion length, it is necessary to know the diffusion constant. Through the Ein-
stein relation

σ = e2N(EF )D. (4.6)

The diffusion constant is directly determined from the conductivity, σ, and the
density of states at the Fermi level, N(EF ).

Spin injection

The spin splitting at the interface, δµ0, can be determined by combining Eqs. 4.1,
4.5 and 4.2:

δµ0 = eγjλsf/σN . (4.7)

For a 1-dimensional geometry, i.e for an infinitely long wire of thickness t and
width w, injection from an F electrode at x = 0 results in

δµ(x) = δµ0 exp(−|x|/λsf ). (4.8)

Since the spins are diffusing in both directions, x < 0 and x > 0, the spin splitting
at the injection point is halved, δµ0 → δµ0/2,

δµ(x) = γ
λsf

2eσNA
I exp(−|x|/λN ). (4.9)
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Figure 4.1: Population of density of states at the injection point before energy relax-
ation (left), and after energy relaxation (right). The electrons relax in energy filling
up the lowest available states. The negative value in the minority spin density of
states is due to charge conservation.

Here A = tw, and I is the injected current. The polarization of the injected current
is [51–53]

γ =
Prc + pF rF

rc + rN + rF
(4.10)

where rc = [G(1− P 2)]−1 is the effective interface resistance, rF = λF /σF (1− p2
F )

is the characteristic resistance over one spin diffusion length (λF ) in F, and rN =
λsf/σN is the characteristic resistance in N. If rN is large, as for semiconductors,
the injection efficiency can be very poor, unless the interface resistance is large.
When the interface is a tunnel barrier, where the contact resistance is typically
much larger than rN and rF , the current polarization is simply equal to the inter-
face polarization,

γ = P. (4.11)

In the tunneling process, the injected electrons in N approximately uniformly pop-
ulate states from the Fermi energy up to the injection voltage energy eV . The en-
ergy relaxation time is fast, τE ∼ 10−14 s for Al [54], much shorter than the spin
flip time τsf ∼ 10−10 s [55, 56]. The injected electrons relax to the lowest available
states while maintaining their spin polarization, thus a spin splitting occurs, see
fig. 4.1.
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Spin detection

In order to detect the spin splitting in the wire, an additional F electrode is re-
quired. The spin splitting in N creates a spin up current into F and a spin down
current out from F. These two currents have the same amplitude but different
signs, hence a pure spin current and no net charge current flows through the de-
tector junction. Due to the polarization parameter of the detector, P , a voltage, V ,
over the junction is created [57],

eVP (AP ) = +(−)P
ns

N(EF )
= +(−)Pδµ, (4.12)

where sign +(−) stands for the parallel (anti-parallel) magnetization configura-
tion.

The total signal produced by switching the magnetization from P to AP is thus
Vs = VP − VAP = 2Pδµ/e. Combining this result with Eq. 4.9 gives the spin signal

Rs = Vs/I = P 2RNe−|x|/λsf , (4.13)

where RN = rN/A.

4.2 A device for in-situ determination of spin diffusion length

2 3 4

51

Figure 4.2: SEM image of a multi terminal device for in-situ determination of spin
diffusion length.

Having multiple terminals along the transport channel (see figure 4.2) it is pos-
sible to determine the spin diffusion length in-situ. The spin signal is measured
at different distances along the channel as a function of external magnetic field
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(figure 4.3a). Three clear steps in the spin signals are observed at certain magnetic
fields, which are due to the reversal of the magnetization of the three electrodes.
For example, using electrode 3 as the injector and 2 as the detector, the spin signal,
V21, changes by −85 mΩ at 800 Oe, corresponding to a magnetic switching of one
of the electrodes. The spin signal for the electrode pair 4 and 3, V31, reveals that it
is electrode 3 that is switching at 800 Oe. Thus, it is possible to identify the switch-
ing of each electrode. Fitting the data for all three distances yields a spin diffusion
length of ∼ 400 nm (figure 4.4). One can also directly read out the voltage differ-
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Figure 4.3: Spin signal for different combinations of injectors and detectors at room
temperature.

ence between the two detectors, V32, containing all the necessary information on
the polarization and spin diffusion length (fig. 4.3b). From the magnitude of the
spin signals, the spin polarization efficiency was determined to be P = 10%. At
T = 4 K, where the phonon mediated spin-flip scattering decreases, and the spin
signal increases. In-situ measurements described above showed an increase in the
spin diffusion length to λsf = 700 nm at low temperature, while the polarization
was unchanged. The obtained results agree with those by Jedema et al. [58].
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Figure 4.4: Spin signal as a function of distance. One can see that the exponential fit
crosses all three points. The spin diffusion length for this sample was determined
to be 409 nm at room temperature.

4.3 Interface properties

When Tedrow and Meservey [17] did their measurements on F/I/S tunnel junc-
tions they discovered that the spin polarization was positive, in contradiction with
the expected negative spin polarization. This discrepancy was first explained by
Stearns [19] in 1977 using s-d-hybridization arguments. The tunneling s-electrons
get the spins aligned by interactions with the 3-d electrons, which results in op-
posite polarization of the tunneling electrons. Slonczewski [21] showed that the
properties of the tunnel barrier affected the effective spin polarization, which could
change from positive to negative if κ2−k↑k↓ changed sign (see chapter 3). Further
theoretical studies [59–61] on Co/Al2O3 interfaces have shown that the spin tun-
neling properties can change depending on whether O-atoms were terminating
the barrier at the interface with Co or Al atoms. De Teresa et al. [62, 63] showed
experimentally that a negative polarization can be achieved when using an insu-
lator of strontium titanate or cerium lanthanide, which was attributed to be d-d
bonding effects. Valenzuela et al. [64] found that the injection polarization changes
with voltage bias. For negative bias, where the electrons tunnel from F to N, the
injection efficiency was close to constant, while for positive bias, the polarization
decreased and changed sign at high bias. Garzon et al. [65] observed a tempera-
ture dependent offset in the spin signal, and interpreted the effect as temperature
dependent spin scattering at the interface.
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4.4 Impurities and surface scattering in Al (Paper 4)

Spin relaxation in a normal metal, such as Al, is dominated by spin orbit cou-
pling [7], which in combination with phonons and impurities can lead to spin
scattering [66–68]. Using the Matthiessen’s sum rule [54] it is possible to separate
the impurity, τ−1

imp, and the phonon, τ−1
ph , scattering rates:

τ−1
sf = Γsf = Γimp + Γph = τ−1

imp + τ−1
ph . (4.14)

The phonon contribution to the spin relaxation time τN is temperature depen-
dent while the impurities give a temperature independent background. Yafet [67]
showed that the phonon scattering rate depends on the temperature as follows

Γph ∝
{

T, T < TΘ

T 5, T > TΘ
. (4.15)

where TΘ is the Debye temperature. This theory was further developed by Fabian
and Das Sarma [69], who discussed "spin-hot-spot" regions in Al [70], in which
spin flip probability is significantly enhanced. These hot spots correspond to cross
sections of the Fermi surface and the Brillouin zone. Although occupying a small
part of the total electron density area, they have enough weight to significantly
increase and even dominate the spin relaxation. Fabian & Das Sarma’s numerical
results verified Yafet’s empirical suggestion for the temperature dependence of τsf

(the phonon scattering) in a quantitative agreement with the experiments on bulk
single-crystalline Al.

In Figure 4.5 the experimental data on τsf for single crystal Al by Johnson &
Silsbee [50, 57] and Lubzens and Schultz [71], as well as thin film Al by Jedema
et al. [56], and us. The data for the single crystals level off at a much longer spin
relaxation time than for thin films, which is due to a much smaller concentration
of impurities. As a consequence of the purity of the single crystal, the tempera-
ture dependence can be observed down to 20 K compared to our data that has a
wider plateau, up to 60-70 K. Using Fabian and Das Sarma’s model [69] in com-
bination with a measured impurity relaxation time (low T limit), it is possible to
calculate the total spin flip time, τsf , through Eq. 4.14. The fit agrees well with the
experimental data for single crystals as well as for thin films.

In thin films, where the mean free path, λp, is comparable to the thickness, d,
the scattering at the surfaces [72–74] as well as grain boundaries [75,76] play an im-
portant role and are expected to dominate the resistivity. The resistivity increases
as λp becomes smaller [77],

λp = vF τDrude =
vF me

ρNe2
, (4.16)

where vF , τDrude, me, N and e is the Fermi velocity, the Drude time, the effective
mass of an electron, the density of states at the Fermi energy, and the electron
charge, respectively. If scattering at the surfaces contributed to an increase in spin
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Figure 4.5: Temperature dependence of the spin relaxation time τsf for bulk and
film Al. The phonon contribution fromthe Fabian & Das Sarma theory is added
using the Matthiessen rule to the temperature independent impurity contribution.

relaxation as it does for momentum relaxation, the ratio of spin diffusion length
and the mean free path would be constant.

To find the role of surface scattering in spin relaxation in Al, a series of samples
with different thicknesses were fabricated, ranging from 10 nm, up to 25 nm. In
figure 4.6 the ratio between the mean free path and the spin diffusion length are
plotted vs. film thickness, indicating that the surface scattering doesn’t contribute
to spin flip as much as bulk impurity scattering. The mechanism may be that the
effect of spin hot spots is suppressed due to changes in the electronic structure at
the surfaces of Al films.

4.5 Decoupling of spin and charge currents in nanostructures

Biasing F-N junctions produces spin currents in the normal metal. This was first
shown by Johnson and Silsbee in their pioneering experiments [50], where they
injected a spin current into single crystalline Al, and measured non-locally the spin
signal. They found that the spin accumulation diffuses away from the injection
point, and relaxes over a very long spin diffusion length, λsf ∼ 100 µm.

The fundamental assumption was that spin diffusion is isotropic about the in-
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Figure 4.6: Ratio of spin diffusion length and the mean free path as a func-
tion of thickness. A clear increase in the ratio is observed as the thickness de-
creases,indicating a weak contribution of surface scattering to spin relaxation.

jection point, i.e. the injected spin current is independent of the profile of the
charge current, except at the injection interface (see Eq. 4.1) . The presence of a
spin current in a region of no charge flow reported by Johnson and Silsbee [50]
and later by others [56, 78, 79] does not by itself demonstrate that the spin current
is isotropic. An example of the existing controvercy in the recent literature on spin
transport in multi-terminal devices are the papers by Jedema et al. [55, 58, 80], and
by Johnson [81,82]. In order to directly demonstrate that spin and charge currents
are strictly decoupled we use a multi-terminal device with a 1-D diffusive spin
channel, shown in fig. 4.7. The charge current is sent to one side of the injector.
The spin currents are expected to be strictly isotropic about the injector, as illus-
trated in figure 4.8. The spin current is an interesting effect of a charge conserving
flow of spin-up and spin-down currents in opposite directions. The detectors are
placed at equal distances from the injector and thus measuring the same amount
of spin signal. This is indeed observed on the experiment and provides the first
direct demonstration of one of the most basic effects in spintronics (see Paper 5).

Jedema et al. performed a similar measurement in a Cu Wan der Pauw cross
[55], with F electrodes and metallic F/Cu contacts. They compared the non-local
and local measurement methods and found a factor 2.5 stronger signal in the local
than in the non-local configuration. The model predicted a factor of 2. The dis-
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Figure 4.7: SEM image of a device used for the decoupling experiment and the
electrical configuration used to measure the device.

crepancy was assigned to the presence of Cu side arms in their device, that should
be absorbing spins [82]. However, their sample is symmetric, except for the width
of the Py electrodes. Therefore, these results could in fact be taken as an indication
of anisotropic spin diffusion. Other experiments on spin diffusion using metallic
contacts [79,83] also showed that an extra F electrode, placed between the injector
and detector, absorbs spin current and thereby reduces spin splitting at the de-
tector electrode. Measurements using tunnel contacts do not suffer from the same
deficiency. In our case, the local and non-local signals are identical to within < 1%.
Jedema’s et al. [55] deviation is likely due to larger spin absorption in the wider F
electrode. Furthermore, the charge current in the device of [55] is not uniform,
which likely caused additional uncertainties.
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Figure 4.8: Schematic figure for isotropic spin diffusion.





Chapter 5

Spin-based superconductor devices

In this chapter we discuss two types of devices, the ferromagnetic/superconducting
single-electron-transistor (FS-SET) and the multi-terminal device studied in chap-
ter 4, in the regime where the Al wire is superconducting. We begin with a theoreti-
cal description of the FS-SET and spin injection into superconductors and continue
with discussing our results for both devices.

5.1 Energetics of a superconductor

In a superconductor the conduction electrons form Cooper pairs. Two electrons
having opposite momenta and opposite spins (k, ↑) and (−k, ↓), form pairs with
zero momentum and zero spin. One of the main properties of a superconductor is
ideal diamagnetism - the internal magnetic field is zero in a superconductor. This
state results in super currents (charge currents without dissipation), which cancel
out any external magnetic field.

A superconductor has an energy gap ∆ in the density of states, NS(E),

NS(E) = NNRe
E√

E2 −∆2
(5.1)

within which there is no available states [84]. If an electron with spin σ is injected
into state kσ in the superconductor , then the pair of states (kσ,−k−σ) is no longer
available for dynamically redistributing the Cooper pairs present in S. The state
kσ is occupied with probability 1 and therefore state −k−σ must be empty with
probability 1, which is the same as the process of removal of an electron from state
−k−σ. The injected quasiparticles (QP) has the probability u2

k to be electron-like
and probability v2

k to be hole-like. The BCS coherence factors, uk, vk are given
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by [84]

u2 =
1
2
(1 +

ξk

Ek
) (5.2)

v2 =
1
2
(1− ξk

Ek
) (5.3)

where the excitation energy is given by

Ek =
√

ξ2
k + ∆2 (5.4)

and ξk = εk − µ is the one electron energy. The QP charge can be written in terms
of uk and vk [85],

qk = u2
k − v2

k = ξk/Ek. (5.5)
The QP excitations change in character from electron like (with effective charge
qk ≈ 1) to hole like (qk ≈ −1) as the excitation moves in energy from outside the
Fermi surface to the inside. For small injection voltages (Vinj ∼ ∆) qk ≈ 0, re-
sulting in a negligible charge imbalance [84,86]. To maintain the charge neutrality,
the injected charge will be absorbed by the condensate. In other terms, there will
be equal amounts of electron-like and hole-like QP’s. With increasing injection
energies the QP charge increases and for very large injection energies (eV À ∆)
the QP’s will be electron like, no different in properties from electrons in a normal
metal. The condensate will on the other hand carry less charge 1− qk = 2v2

k.
Injection of QP’s at high rates is known to suppress the gap [87]. Of interest

here will be relatively small injection voltages such that the gap is not affected
and the charge current is carried by the condensate. In this case, the distribution
function fkσ for spin σ is described by f0 with a splitting of the chemical potential,
δµ, [88]

fk↑(↓) ≈ f(Ek − (+)δµ) ≈ f(Ek)− (+)δµ
∂f(Ek)

∂Ek
. (5.6)

The spin splitting of the electrochemical potential has to be small, δµ ∼ 1
2γRNIinj <

∆, since otherwise it would suppress the gap [89]. A typical polarization of γ <
1/2, characteristic resistance of one spin diffusion length in N RN ∼ 30 Ω, and
current Iinj ∼ 10 nA, would result in a spin splitting δµ ∼ 10−7 eV, which is much
smaller than the superconducting gap (∆ ∼ 10−4 eV). The current must be kept
small not to suppress the gap by QP’s. A current of I ∼ 100 nA across a junction
with the normal state resistance Rn = 20 kΩ corresponds to an injection energy of
10∆. In this regime other effects such as QP multiplication [90, 91], and phonon
excitations can play a role. For the parameters mentioned above, typical for our
devices, the injection range of interest is I ∼ 10 nA.

5.2 Ferromagnetic/superconducting single electron transistor

This section describes the properties of a single electron transistor (SET). A SET is a
device consisting of two electrodes, left (L) and right (R), connected to an island via
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Figure 5.1: Schematic of a single electron transistor.

tunnel junctions, and having a gate (G) electrode coupled electrostatically to the
island. The typically very small capacitance to the environment, C, introduces a
finite charging energy for placing one extra electron onto the island, EC ≡ e2/2C.
The thermal energy has to be small in order to obtain discrete charging energy
levels on the island, kBT < EC , and the tunneling resistances have to be larger
than the quantum resistance, RL, RR > RQ = h/e2 ' 25.8128 kΩ, to assure that
the fluctuations are small and the charge makes a good quantum number. The
total capacitance, C, in a typical SET is dominated by the junction capacitances,
CL, CR, and the gate capacitance, CG, C = CL +CR +CG(see fig. 5.1). The applied
voltages define the equilibrium charge on the island, which is modulated by the
gate voltage nGe = VLCL + VRCR + VGCG . The charging energy for having n
excess electrons on the island is given by

Ech(n) = (n− nG)2
e2

C
. (5.7)

When an electron tunnels onto the island, n changes to n + 1, and the charging
energy is increased by

δEch(n) ≡ Ech(n + 1)−Ech(n) = (n− nG +
1
2
)
e2

C
. (5.8)

The discrete energy levels result in no electron tunneling through the SET at small
voltages because the bias energy in the left and right leads are not sufficient to in-
crease or reduce the charge on the island. This effect is called Coulomb blockade and
is illustrated in fig. 5.2a. However, small currents can flow, due to co-tunneling,
where electrons tunnel through both junctions at the same time, through so-called
virtual states on the island. At a certain voltage, called the threshold voltage (Vt),
the electrons start tunneling onto and out from the island (see fig. 5.2b), creating a
current through the SET. On the other hand for small voltages the Coulomb block-
ade can be turned off by varying the gate voltage, which shifts the charging energy
levels and makes it possible to have a finite current below Vt. Vt is thus strongly
dependent on VG.
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Figure 5.2: Charging energy of the island. a) The SET is biased with a smaller
voltage than Vt. No current can flow through the device since no state is available
for the incoming electrons b) The SET is biased at Vt allowing a current flowing
through the device.

I-V characteristics of a SET

To calculate the transport properties of a SET, the orthodox theory is used, which
employs the Fermi’s golden rule to calculate the tunneling rates for sequential
tunneling. It is assumed that tunneling events are instantaneous, i.e. the time to
tunnel through the tunnel junction is negligible. It is also assumed that the energy
relaxation time, τE , is much smaller than the time between successive tunneling
events. The incoming electrons energy is relaxed to the Fermi energy and distrib-
uted according to the Fermi distribution function, fI(ε). The tunneling rates of one
electron from one of the states k in the left electrode to one of the states q in the
island are given by

ΓL→I(n) =
1

e2Rt,L

∫ ∞

−∞
dεk

∫ ∞

−∞
dεqfL(εk)[1− fI(εq)]δ(δEch(n) + εq − εk), (5.9)

where 1/Rt,L is the tunnel conductance dependent on the tunnel matrix elements,
T , the density of states at the Fermi level, NL/I,F and the volumes, ΩL/I,F of the
left electrode and the island:

1
Rt,L

=
4πe2

~
NI,F ΩINL,F ΩL | T 2 | . (5.10)

When the single electron tunneling rates are known, a master equation is used to
calculate the probability, p(n, t), to find the island with n electrons at time t.
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d
dt

p(n, t) = − [ΓL→I(n) + ΓI→L(n) + ΓR→I(n) + ΓI→R(n)]p(n, t)

+ [ΓL→I(n− 1) + ΓR→I(n− 1)]p(n− 1, t)
+ [ΓI→L(n + 1) + ΓI→R(n + 1)]p(n + 1, t). (5.11)

If dc-voltages are applied it is only necessary to solve the master equation in the
stationary state. In the stationary state the current in the left junction has to be
equal to the current in the right junction and is determined by the rates and prob-
abilities as follows

I = −e
∑

n

[ΓL→I(n)− ΓI→L(n)]p(n)

= −e
∑

n

[ΓI→R(n)− ΓR→I(n)]p(n). (5.12)

FN-SET

As a first approximation for a SET with ferromagnetic electrodes one can consider
the ferromagnets to be half metallic, i.e. only carry spin up carriers. The F/N
tunnel junction then have a finite resistance determined by the spin-up current
only. No states are available for the spin down carriers in F, so the spin-down
current is completely blocked and the resistance for this spin channel is infinite.

In a FNF double tunnel junction, not necessarily a SET, having the electrodes
magnetized in parallel the spin up carriers tunnel on to and off the island sequen-
tially. The spin population is in equilibrium since the on/off tunneling rates are
the same. However, if the electrodes are magnetized in the antiparallel orientation,
spin-up electrons are blocked on the island, while the opposite spin can tunnel off.
Thus the spin accumulates on the island, the amount of which is balanced by the
spin relaxation processes occurring at rate τ−1

sf . This non-equilibrium spin popula-
tion creates a spin splitting in the chemical potential and in the charging energy. If
the F electrodes have both spin-up and spin-down carriers the tunnel resistances
are still spin dependent in the the Julliere sense: R

↑(↓)
i = 2Ri/(1 + (−))Pi), where

i is the electrode index, Ri the total tunnel resistance, and Pi the effective spin po-
larization of the junction. The spin polarized currents through the barriers, I

↑(↓)
i ,

still create a non-equilibrium spin population on the island , which is balanced by
the rate of spin flip,

δµN0V = τsf
I↑L − I↑R − I↓L + I↓R

e
. (5.13)

Here N0 is the density of states at the Fermi energy and V is the volume of the
island.

In a FN-SET the spin splitting occurs also in the charging energy, δEch →
δEch ± δµ. The master equation can again be used to calculate the currents, where
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Figure 5.3: MR as a function of voltage bias. Periodic behaviour and large changes
at V = 3e/C, 5e/C, .... From Ref. [92]

the rates are now spin dependent. The different levels on the island for the two
spin directions should result in a larger MR than for a FNF double junction, par-
ticularly at bias voltages of V = 3e/C, 5e/C, ..., (fig. 5.3). This is a consequence
of the Coulomb staircase. The Coulomb staircase is more pronounced when the
resistances of the tunnel junctions are different. Co-tunneling in FN-SETs has also
been analyzed [93] but doesn’t appear to contribute to the MR.

FS-SET

For a ferromagnetic double junction with a superconducting island, the supercon-
ducting gap changed the energetics of the island. Spin has to be carried by quasi
particles while charge can be carried by zero spin Cooper pairs. The tunnel rates
change due to the energy dependent density of states in S. If the energy relaxation
time τE is shorter than the time between two successive tunnel events, the quasi
particles can be described by the Fermi distribution function. The BCS density of
states, NF,I Θ(|ε| −∆) |ε| /

√
ε2 −∆2 instead of NF,I should be used to calculate

the rates for each spin:

ΓL→I,σ(n) =
1

e2Rσ
t,L

∫ ∞

−∞
dEΘ(|ε| −∆) |ε| /

√
ε2 −∆2 ×

f(E − δEch(n))[1− f(E + σδµ)], (5.14)
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where Rσ
t,L = 2Rt,L/(1+σP ) is the spin dependent resistance. Takahashi et al. [88]

studied an F/S/F double tunnel junction in the limit of no spin flip on the island
(τsf > τt, where τt is the time between two tunneling events) and no charging
effects. They predicted that in the antiparallel magnetization orientation of the two
F electrodes, a non-equilibrium spin distribution is present on the island, which
can suppress the superconducting gap. The model was further developed [94, 95]
to include shorter spin flip times. A SET of such structure (FSF) in the limit of
EC > ∆, T = 0 and low voltage bias has been theoretically shown [96] to produce
MR, however the gap forbids any non-equilibrium spin population. The MR is
still present due to the quasiparticle current.

Simulations of the FS-SET using the Monte Carlo method have been done by
Johansson et al. [97]. When an electron changes its spin or tunnels on or off the is-
land, the superconducting gap and the spin splitting in the electrochemical poten-
tial change, which has to be calculated for each event in a self-consistent way.The
current was calculated from the net number of electrons flowing through the is-
land at a fixed voltage. In figure 5.4 the I − V characteristics are shown in the
parallel and in antiparallel magnetic state of the electrodes. Below V = 0.5 mV
the current is blocked by the coulomb blockade for both magnetic states. The
current increases much more in the antiparallel state due to a suppression of the
gap by spin accumulation, which is present only in the anti parallel state. In
this case the device has a negative MR compared to a positive MR for a nor-
mal metal island. Parameters used for this simulation are RL = RR = 30 kΩ,
CL = CR = 0.8 fF,γL = γR = 0.35 , N0V = 2 · 106[eV]−1,T = 50 mK, and
τsf = 1 ns, and VG = 0 V.

The simulations predict a non-equilibrium spin population on the island. Ad-
ditionally, fluctuations in the spin population are predicted to be larger in the par-
allel state where no spin accumulation (averaged over time) is present. The spin
population can fluctuate about a critical spin accumulation, which turns on and
off the gap in the island, thus resulting in an average gap of one half < ∆ >= ∆/2.

The FS SET model contains spin transport parameters, such as the capacitance
and resistance of each junction which cannot be determined separately since they
are in series. The effective spin polarization of the barriers and the spin flip time on
the island are two other parameters that needs to be determined. This can be done
in separate experiments on spin injection using individual F/S junctions and spin
diffusion time measurements in mesoscopic channels made of the same material
as the FS-SET island (see section 5.5).

5.3 The superconducting spin-based multi terminal device

This section discusses the behaviour of spin polarized quasiparticles in a meso-
scopic superconducting wire (S). This wire has several ferromagnetic electrodes,
(F), connected to it through tunnel junctions. Injection through tunnel junctions
creates quasiparticles in the superconductor [84]. A metallic contact on the other
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Figure 5.4: I − V characteristics for a F/S/F SET in the parallel state and the an-
tiparallel state using Monte Carlo simulations. The MR is defined as (IP−IAP )/IP .
From Ref. [98]

hand makes the major part of the net current undergo the Andreev process [99],
where an incoming electron from the N(F) electrode creates a Cooper pair in S and
a hole is reflected back into the N(F) electrode. In this process no spin polarized
quasiparticles are created.

Takahashi & Maekawa [100] calculated the spin signal in a superconducting
channel with a detector at a distance L away from the injection point to be,

RS =
P 2RN

2f(∆)
e−L/λsf . (5.15)

This expression is similar to the spin signal in N, Eq. 4.3, except for the factor
1/2f(∆). As ∆(T ) increases with decreasing T , the spin signal increases dramati-
cally, as shown in figure 5.14 on page 69. Eq. 5.15 should hold for small injection
currents, when the injection voltage is smaller than the gap, Vinj < ∆. This model
considers spin-orbit impurity scattering as the dominant spin-flip process. This
type of scattering was predicted to result in a longer spin flip time in S compared
to that in N [95]. The injection voltage range is limited to below the gap, such
that a thermal distribution of quasiparticles was maintained in S with a relatively
small shift (δµ) between the spin-up and spin-down distributions, see Eq. 5.6. In
this limit δµ in S was predicted to be very large compared to that in N.

In the following description of spin diffusion in S, it is assumed that the energy
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relaxation is faster than the spin relaxation. The spin-dependent currents through
the injecting tunnel junction are given by [94]

I↑(V ) =
GT↑

e

[∫ ∞

−∞
<

{ | E |√
E2 −∆2

}
[f0(E − eVT )− f0(E)] dE

]
− S

I↓(V ) =
GT↓

e

[∫ ∞

−∞
<

{ | E |√
E2 −∆2

}
[f0(E − eVT )− f0(E)] dE

]
+ S, (5.16)

where
S =

∑
[fk↑ − fk↓] (5.17)

is the spin density in the superconductor. In S, the excessive spins are diffusing
away from the injection point, creating a spin current [101]

js = −eDS∇S, (5.18)

where Ds is the spin diffusion constant in S. A balance between the change in the
spin currents and the spin flip scattering rate must hold [52,95,100]. The continuity
equation is,

∇js =
−eS

τS
, (5.19)

where τs is the spin flip time in S. Combining Eqs. 5.18 and 5.19, the diffusion
equation is obtained,

λ2
S∇2S = S, (5.20)

where λS =
√

DSτS . Yamashita et al. argued that the spin diffusion length should
be constant and equal to that in the normal state [94]. They considered non-
magnetic spin orbit scattering and found that DS = DN2f(∆)/χ, and τS = τsfχ/2f(∆).
This resulted in λS = λsf .

At the tunnel junction, the injected spin current creates a spin density in S. Eqs.
5.18 and 5.20 give the spin density at the injection point:

S =
λS

DS
js.

Figure 5.5 illustrates the above model. For an applied voltage V < ∆, the spin
polarized electrons in F are thermally excited across the tunnel barrier into the QP
band of S. In the approximation of fast energy relaxation, the QP distribution is
narrow, with a spin splitting.

From Eq. 5.17, the spin density is

S ≈ NNχ(T )δµ,

where

χ(T ) = −2
∫ ∞

∆

E√
E2 −∆2

∂f0

∂E
dE (5.21)
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Figure 5.5: Simplified picture of the population of electrons for a F-S tunnel junc-
tion in TM theory [100]. The spread in the populations illustrates thermal excita-
tions at finite temperatures. For small voltage bias, eV < ∆, only a thermal current
is present across the barrier.

is the Yoshida function [95, 102]. Since the Yoshida function is a decreasing func-
tion between 0 and 1 with decreasing temperature, the spin splitting for a given
spin density increases with decreasing temperature,

δµ =
S

NNχ(T )
.

Detection of spin in S

Detection of δµ can be done using a magnetic tunnel junction similar to the injector
junction. Since S contains QP’s which can induce voltages due to charge imbalance
[86, 103], it is important to compare the measured non-equilibrium signals in the
two different magnetic states (P and AP), VP and VAP . The spin splitting in S
contributes to the induced voltage over the detector junction, similar to that for an
F-N junction [100] (see Eq. 4.12):

Vs = VP − VAP = 2Pδµ/e. (5.22)
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5.4 Spin relaxation

As detailed above, it is the quasiparticles in S that transport the non-equilibrium
spin. The difference from spin transport in a normal metal is in the presence of the
superconducting condensate.

Since the lowest energy of the system corresponds to all conduction electrons
being in the condensate, QP excitations increase the energy of the system. A QP
in state kσ will after some time τr recombine with a QP in state −k−σ to form
a pair (kσ,−k−σ). Spin injection results in an asymmetric distribution of QP’s,
with predominantly one spin. The spin polarized distribution must relax through
spin-flip before a recombination can occur (forming symmetric spin pairs). The
characteristics time of QP spin flip is τs.

Zhao and Hershfield [85] investigated two main relaxation processes, relax-
ation by magnetic impurity scattering and spin-orbit scattering. They also studied
the role of the cooling process, and the energy relaxation time, τE , vs τS . In the case
of spin-orbit scattering and slow cooling, τE À τS , τS in S increases compared to
τsf in N as

τS

τsf
=

1
1− ∆

eVinj

. (5.23)

For fast cooling, τE ¿ τS , the spin relaxation time should increase dramatically
with decreasing temperature,

τS

τsf
=

1
2f0(∆)

. (5.24)

The diffusion constant in the normal state was used in order to calculate the spin
diffusion length λS =

√
DτS , which resulted in an appreciably longer λS .

Yamashita et al. [94] predict a different behaviour for the spin relaxation time
on going from N to S,

τS

τsf
=

χ(T )
2f0(∆)

(5.25)

which coincides with Yafet’s result for spin-orbit scattering [104]. Yamashita et al.
also calculate the corresponding spin diffusion length in S,

λS =
√

DSτS , (5.26)

where DS = 1
3v2

kτimp,S is now the diffusion constant in S, different from that in
N. Here vk = ~−1∇kEk = (ξk/Ek)vF is the group velocity, and vF is the Fermi
velocity. The elastic non-magnetic impurity scattering time in S in terms of that
in the normal state, τimp, is τimp,s = (Ek/ξk)τimp. Hence the diffusion constant in
S is Ds = (ξk/Ek)D. The spin flip time for a QP is τsf,s = (Ek/ξk)τsf with the
result that the energy dependence in λsf is cancelled out: the spin diffusion length
is equal to that in the normal state,λS = λsf . This prediction [94, 95] is different
compared to that of Zhao and Hershfield’s.
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For magnetic impurity scattering in the slow cooling limit of τE À τS , Zhao
and Hershfield [85] estimated that the spin relaxation time would be shorter below
the transition temperature than in the normal state. In the fast cooling limit, τE ¿
τS , the magnetic impurity scattering contribution should be strongly temperature
dependent: stronger scattering than in N for T < Tc, and weaker than in N at
T ¿ Tc. Morten et al. [105] also considered magnetic impurities in their theory of
spin transport in S, and found an energy dependent spin diffusion length:

λS = λN

√
(E −∆(T ))/(E + ∆(T )), , E > ∆(T ).

The spin diffusion length is equal to that in the normal state when for large ener-
gies, and decreases for energies close to ∆.

To summarize the theoretical results for two different types of scattering, one
would expect a constant spin diffusion length if spin orbit scattering is dominating
the spin flip processes, and a temperature and energy dependent spin diffusion
length if magnetic impurities are dominant.
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Figure 5.6: SEM image of the single electron transistor

5.5 Experimental results

FS-SET (Paper 6 & 7)

Figure. 5.6 show a SEM image of a FS-SET where the island is positioned hor-
izontally. The distance between the F electrodes is 400 nm, well below the spin
diffusion length in normal Al: λsf ∼ 700 nm, and the thickness of the island is
15 nm. The applied magnetic field was aligned with the Co electrodes, nearly
vertical. From the I − V and I − VGate characteristics taken in the parallel mag-
netic state the parameters of the sample were calculated: RL = RR = 42.5 kΩ,
CL = CR = 0.57 fF and Cgate = 1 aF. In figure 5.7 the resistance as a function of
external field is shown for two different sweep speeds: 4 Oe/s and 15 Oe/s.

The origin of the sweep rate depended negative peaks near zero field (±150
Oe) is not understood. They vanish at very slow sweeps. A stable, sweep rate in-
dependent negative resistance is observed at±1 kOe. If the field sweep is stopped
at this minimum resistance and then removed the device is set in the the AP low
resistance state. The stable P state is obtained by saturating the device and then
setting the field to zero. It is in this stable, sweep rate independent states the I-V
characteristics are measured.

The I −V characteristics are shown in figure 5.8. The MR is maximum slightly
below the threshold voltage (∼ 0.4 mV) for the P state and reaches −70%. The
threshold voltage is smaller in the AP state than in the P state. In theory [88,96,97],
a small current injection of the order of 1 nA should not be sufficient to suppress
superconductivity. The difference between P and the AP state should occur at the
threshold voltage or slightly above, as illustrated in fig. 5.4. Nevertheless, the
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Figure 5.7: Resistance as a function of external field for two different field sweep
speeds: 4 Oe/s and 15 Oe/s.

Figure 5.8: I − V characteristics for a SET in the parallel and the antiparallel mag-
netic configuration.
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Figure 5.9: MR as a function of applied voltage for a SET in the parallel and the
antiparallel magnetic configuration.

observed effect is many orders of magnitude stronger than the MR in the N state
of the same device above Tc (undetectable), MR. 0.01%.

Controversy on the subjects persists [Paper 6] [106] [Paper 7] [107], and sev-
eral aspects need to be analyzed in detail for a more complete interpretation, such
as the spin relaxation in S and its T -dependence. Some of these aspects are ad-
dressed in the next experiment by using a multi terminal magnetic device with a
mesoscopic superconducting channel.
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The multi terminal device (Paper 8 & unpublished)

We use a nano-device with multiple magnetic electrodes (see fig. 4.7) to study non-
equilibrium spin transport in the superconducting state. The geometry used had
a mesoscopic Al wire of thickness 15 nm and width 100 nm with three overlap-
ping magnetic tunnel junctions. The center-to-center distance between the three F
electrodes was 300 nm.
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Figure 5.10: Configuration for measurement of critical currnet: a) injection current
is sent through the junctions, and b) transport current is sent through the wire.

The superconductor is sensitive to external magnetizing fields as well as mag-
netic fringing fields from the tips of the F electrodes. In order to reduce the fring-
ing fields the tips of the F electrodes were placed ∼ 150 nm away from the S wire.
However, due to height gradients in the regions of overlap some fringing fields
from F could still be present in the S-wire. It is then important to verify that the
superconducting properties of the wire are not affected by the switching of the F
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electrodes between the P and AP configurations.
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Figure 5.11: I-V characteristics for 300 nm Al strip when current is sent through
the tunnel junctions (QP injection), and when the current is sent through the wire
(see fig. 5.10). T = 0.3 K.

Figure 5.11 shows the I-V characteristics for a 300 nm section of the Al wire
when the current is sent between contacts 2 and 3 (see fig. 5.10a) and voltage
is measured at contacts 0 and 4. Critical current is suppressed for QPs injection
through tunnel junctions compared to that in the standard transport measurement
(see fig. 5.10b), as expected [84]. However, the data in the AP and P states show no
detectable differences. The suppression of IC is therefore due to the high density
of QP in S (Iinj = 0.1 − 1 µA) rather than spin accumulation. One can clearly see
that IC is independent on the orientation of the Co electrodes. This means that
neither fringing fields nor the spin accumulation affect the superconducting gap
in the superconducting wire.

Figure 5.12 shows the spin signal, RS = VS/Iinj , at 300 nm from the injection
point as a function of bias current for different temperatures. This spin trans-
resistance is dramatically enhanced at low bias. The signal reaches RS ∼ 21 Ω at
Iinj = 1 nA, which is∼ 70 times larger than the corresponding value in the N state.
Increasing the bias or increasing the temperature, decreases the spin accumulation.
At 1.5 K , just below TC = 1.53 K, the signal is three times larger than that in the N
state. In figure 5.13 the signal as a function of current for another sample is shown
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Figure 5.12: Spin signal as a function of current for low bias at different tempera-
tures. (sample A)
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Figure 5.13: Spin signal as a function of bias at T = 0.25 K. (sample B)



5.5. EXPERIMENTAL RESULTS 69

on a log-log scale. Here the current range is almost 4 orders in magnitude. In
this sample the spin signal reaches 200-300 Ω at 2 nA, which is about a 1000 times
larger than the normal state value, approached at I ∼ 10 µA. Thus, a much larger
spin splitting occurs in S than in N.
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Figure 5.14: Normalized spin signal at the injector as a function of temperature.
The signal is constant at temperature above the transition temperature and in-
creases rapidly as temperature decreases.

Figure 5.14 shows the spin signal normalized to the spin signal in the N state,
as well as the Takahashi & Maekawa’s prediction, as a function of temperature.
According to the theory the spin signal should increase relatively slowly at T ≈ TC

and diverge for T → 0. The measured signal in fig. 5.14 increases much faster than
expected at T ≈ TC and levels off at T → 0. The plateau at low T could be due to
larger effective temperature than measured, Teff > Tmeas, due to environmental
noise in the experimental setup.

Figure 5.15 shows the measured spin diffusion length as a function of T/TC .
along with the theoretical prediction for mixed spin-orbit/magnetic impurity scat-
tering. One can see that λS/λsf decreases to approx. 30% at low temperature.
Takahashi and Maekawa’s theory predicts constant spin diffusion length, which
disagrees with our data. The spin diffusion length agrees qualitatively with Morten’s
et al. theory, indicating that the spin flip scattering process is governed by both the
magnetic and non-magnetic impurities.
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Figure 5.15: Measured and theoretical spin diffusion length (SDL) as a function of
temperature.

5.6 Conclusions

We have shown that the spin accumulation, δµ increases dramatically in the super-
conducting state for Al. The interpretation is that the increase is due to a narrow
QP population in S. We have also observed that the effective spin diffusion length
decreases to ∼ 200 − 300 nm at 0.25 K. We suggest that the spin flip scattering
depends on both magnetic and non-magnetic scattering.



Chapter 6

Conclusions

The projects described in this thesis started the spintronics activities at KTH-Nanophys.
Processes for fabricating magnetic tunnel junctions and various lateral nano-devices
as well as the necessary characterization and measurement techniques have been
developed from scratch. These nano-devices were used to study several aspects of
spin-transport. The main research results of these studies can be summarized as
follows:

• 2-, 3-, and 5-junction arrays have been successfully fabricated. Multiple sta-
ble magnetic states have been achieved. A double tunnel junction is demon-
strated to be an efficient approach to overcoming the problem of the strong
bias dependence of the TMR. Only a small enhancement of the TMR (∼ 10%)
of an F/F/F double tunnel junction over the single junction value for the
same bias has been observed for the∼ 60 nm inter-junction separations stud-
ied.

• The micromagnetics of the devices based on Co/Al overlap junctions has
been analyzed. The limiting case of a single domain behavior has been
achieved in multi-terminal devices having critical dimensions in the in sub-
100 nm range, with injector/detector switching by coherent rotation and
spin-uniform remnant parallel and anti-parallel states.

• The processes and designs developed were used to fabricated a novel multi-
terminal device, which allowed to in situ determine the spin transport para-
meters in mesoscopic transport channels. As an example, the spin diffusion
length and its temperature dependence could be determined using a sin-
gle sample. λsf ranged upto 1000 nm, which was well in access of the the
characteristic injector/detector separation in the nano-device and facilitated
studies of non-equilibrium spintronic effects.

• The novel device developed, with a symmetric spin detection about the in-
jection point, was used to directly demonstrate, for the first time, the funda-
mental decoupling of spin and charge currents in nanostructures.
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• By varying the thickness of the mesoscopic transport channel of Al while
monitoring the spin relaxation strength as detailed above, it was found that
spin-flip scattering at the surfaces is weak compared to that in the bulk. This
effect was interpreted as due to suppression at the surface of ’spin hot spots’
in the electronic structure of Al, which were earlier proposed as dominating
the spin-orbit scattering in this material.

• A first direct measurement of spin accumulation and relaxation in a meso-
scopic superconductor is reported. A 100-1000 fold enhancement of the spin
signal below Tc of Al is observed and agrees with recent theoretical predic-
tions. A 3-fold decrease in the spin diffusion length is attributed to a com-
bined effect of spin-orbit and magnetic impurity scattering.

• A novel device of a ferromagnetic single electron transistor has been fabri-
cated, where the small Al center electrode could be set into the N or S state
and the outer magnetic electrodes into the parallel and antiparallel state. A
large magnetoresistance in the S state (∼ 70% at threshold voltage) has been
observed. Experimental data by other groups, contradicting our data, leave
this topic controversial. We have been attempting to experimentally purify
and theoretically better interpret the effect.
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